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Abstract 
In recent years ZnO has received the great attention especially due to its potential 
for the applications such as piezoelectric films used for surface acoustic wave devices 
(SAW) (Serhane et al., 2014), visible light emitting devices (Rakhshani, 2014), and UV 
sensing. The electrical, optical,  photochemical, and optoelectronic properties of undoped 
ZnO  can be effectively employed for their use in  solar cells (Ren et al., 2015), 
transparent electrodes and blue/UV light emitting devices (Shen et al., 2014). Thus, it is 
very important to grow the ZnO films with a good crystalline quality along with good 
understanding of defects. 
This work includes the comparison of the properties of ZnO layers grown by 
MBE and RF Sputtering technique. The XRD pattern clearly shows that the films grown 
by both methods are highly c-axis oriented, but the film grown by MBE is of better 
quality.  PL results also confirm the findings from the XRD data. MBE grown sample 
exhibit a band-gap emission at 3.36 eV, while the sample grown by RF sputtering 
technique shows a NBE emission at 3.26 eV. The electrical characterization was 
performed by depositing a Au Schottky contact to the grown samples. At room 
temperature the values of the ideality factor and barrier height obtained are 2.68 and 0.68 
eV respectively. In order to investigate the deep levels, DLTS study is performed on both 
the MBE grown and RF- Sputtering grown sample. A hole trap with activation energy of 
0.43 eV is observed in the MBE- grown sample and in the light of literature survey 
suggested due to the Zinc-vacancy. Contrary to this, the sample grown by RF Sputtering 
  viii 
technique shows the electron trap at 0.33 eV below the conduction band and it is assigned 
the Zinc interstitial defect. 
This thesis also includes the characterization of phosphorus doped ZnO pellets by 
a simple solid state reaction method. Characterization of as-prepared ZnO pellets was 
performed by various diagnostic techniques: e.g., X-ray diffraction confirmed hexagonal 
structure of ZnO pellets. By increasing the sintering temperature, we have observed 
forward shift in 2 𝜃 value of the (002) peak, this shift is only observed in the phosphorus 
doped samples. We correlate the forward shift with the involvement of phosphorus with 
vacancy at Zn site. Theoretical calculations on a 32-atoms super cell of phosphorus doped 
ZnO further supported the argument in the shape of a shallow acceptor PZn - 2VZn 
complex on Zn site. Typical PL spectra displayed band-to-band transitions peak and an 
additional donor-acceptor peak at ~3.14 eV in phosphorus doped samples. 
We have also performed the I-V and C-V measurements on the Zn and O- faces 
of ZnO grown by hydrothermal method. it was found that the series resistance SR  and 
the ideality factor n is related with temperature that is reduced with increasing 
temperature for both the faces (Zn and O-face) of ZnO. These result shows that 
thermionic emission is not the dominant process. The calculated value of barrier height 
 VI  is directly proportional to temperature for both faces. The values of barrier height 
 VC  obtained from C-V measurements were greater than the values of barrier height 
 VI .Thus, calculated values of ideality factor, barrier height, and series resistance 
shows that O-polar face is qualitatively better than Zn-polar face. 
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 Furthermore, we have also grown the ZnO nanorods and nanowires by VS and 
VLS technique respectively.VLS technique is the known growth technique for the growth 
of one-dimensional ZnO nanorods or nanowires. The ZnO nanorods were grown at 650
o
C 
and the rods were approximately 1.3 𝜇m long. Contrary to this, ZnO nanowires were 
grown at high temperature of 950
o
C with a clear indication of the gold tip, confirming the 
growth mechanism is the VLS. We further doped the ZnO wires with the Sb. The 
incorporation of the Sb in to the ZnO increases the length of ZnO nanowires.  
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     Chapter 1 
1 Introduction  
1.1  Introduction 
The advancement in semiconductor technology continues to explore the new 
applications especially in the field of electronic and optoelectronic devices. For a longer 
time the semiconductor technology was relying a lot on silicon. Silicon technology was not 
able to achieve the desired application in the field of optoelectronics and this diverts the 
attention of the researchers towards the direct band gap materials like GaAs. These 
optoelectronics applications keep GaAs, a centre of research particularly in the field of high 
speed integrated circuits and laser diodes. The requirement of ultraviolet (UV)/blue light 
emitter applications turns the research interest towards ZnO. 
ZnO is available in abundance in nature and has attained a commercial value due to 
its cheaper price, environment friendly, simply fabrication process and so on. These 
applications have stimulated a renewed interest in ZnO. The research interest starts growing 
after the studies of lattice parameter by M.L. Fuller in 1929 (Fuller, 1929), and C.W. Bunn  
in 1935 (Bunn, 1935). In 1957 the New Jersey Zinc Company published a book (Company 
and Brown, 1957)  entitled ―Zinc Oxide Rediscovered‖ to enlighten the materials properties  
In 1960 the application of piezoelectric property of ZnO was realized in thin films (Hutson, 
1960) which later on was used for surface acoustic wave devices (Hickernell, 1973). The 
research interest in the 1970‘s was mainly focused on the fabrication of simpler ZnO device 
(Emtage, 1977; Hickernell, 1973; Inada, 1978; Matsuoka, 1971). Polycrystalline ZnO was 
available but not showing the desired characteristic due to the unavailability of large area 
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and good quality bulk material. Due to these limitations, device application was confined to 
the development of devices which not necessarily require the epitaxial or single crystal 
material. This impedes the performance of semiconductor technology in the field of 
optoelectronics.  
In 1997, Tang reported, for the first time, the room-temperature ultraviolet (UV) 
laser emission from self-assembled ZnO microcrystalline thin film (Tang et al., 1998; Zu et 
al., 1997). They utilized laser molecular beam epitaxy to grow ZnO thin film on the sapphire 
substrates. D.C Look and his colleagues were working on the choice of a good substrate for 
GaN to ensure the epitaxial growth of the GaN. During their research they found that ZnO 
itself has a great potential for practical applications. They organized first ZnO workshop in 
1999, the effort proved very useful regarding opening of new ideas and directions as a result 
of exchange of ideas from renowned scientists from all over the world. Furthermore, the 
work of the D.C look towards the quest of p-type ZnO proved a milestone in achieving a p-n 
junction for light emitting devices. Further the workshops organized in 2002, and 2004 
played a convincing role in disseminating the important ideas and future applications of 
ZnO. In particular, the growth and characterization of nanostructure provides the 
outstanding achievement in the field of transparent conducting electrodes, photodiode, field 
effect transistors, laser diodes,  and solar cells (Chen et al., 2014; Huang et al., 2013; Shen 
et al., 2014; Thiemann et al., 2013; Zhang et al., 2014a)  
The efforts discussed above prove very useful in realizing the technological 
applications of zinc oxide. Different characterization techniques proved useful in meeting 
the requirement for the technological advancement in the field of electronics and 
optoelectronics.  The contribution from the theoretical and experimental work further 
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enhanced the insight into the optical and electrical characterization  of the material through a 
verity  of techniques like : Cathode luminescence (CL) (Polisadova et al., 2014; Yang et al., 
2010), Capacitance-Voltage studies (CV) (Liu et al., 2014b; Liu et al., 2014c), 
Photoluminescence (PL) (Empizo et al., 2014; Tan et al., 2015), and Raman scattering 
(Ansari et al., 2013; Kumar et al., 2014).   The requirement of the epitaxial and high quality 
thin films turned the direction of the research aptitude and motivated the scientists to adopt 
the growth procedure which ensures the fabrication of high- quality thin films. Metal-
organic chemical vapor deposition (MOCVD) (Tiku et al., 1980), spray pyrolysis 
(Eberspacher et al., 1986), and radio-frequency (RF) magnetron sputtering were discussed 
extensively and contributed towards the growth of good quality ZnO. 
 Here we will discuss the prominent features of ZnO which make this material 
indispensable for the future electronics and optoelectronic applications. One of the most 
interesting features of the ZnO which brings the renewed interest in to the material is its 
band gap (3.37eV at 300K) which is a prominent parameter for the device applications. ZnO 
provides number of advantage over GaN (band gap ~3.4eV at 300K), for example larger 
value of exciton binding energy, accessibility of large area substrate facilitate the 
homoepitaxial growth (Park et al., 2002b). Due to the large value of binding energy, the 
excitonic emission in ZnO take place at room temperature (Klingshirn et al., 2007). These 
properties play the essential role in achieving the desired photonic and electronic 
applications such as UV light emitters/detectors and as high power and high temperature 
devices(Look, 2001). The Table 1.1 summarizes the band gap energy and exciton binding 
energy of some materials.  
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 ZnO exhibit a promising piezoelectric property. It shows a high degree of surface 
activity particularly the chemisorptions of ambient gases at the surface of ZnO surface play 
a vital role in controlling the surface conductivity of ZnO crystals. This leads to potential 
applications in various fields e.g. field emission displays, gas sensors, and nanocantilevers 
etc. ZnO can be grown in a wide variety of nanostructures including, nanowires, nanobelts, 
nanocomb, nanorods, nanotubes etc. These structures in many cases show a degree of crystal 
perfection which far exceeds that of the thin films.  
 ZnO is predicted to display spin polarised carrier behaviour when doped with 
magnetic impurities. Jindal et al. (2012) have shown that ZnO:N thin films deposited by 
pulsed laser deposition exhibits intrinsic ferromagnetic behavior at room temperature. 
Philipose et al have shown that Mn doped ZnO nanowires exhibit ferromagnetic behavior 
well above the room temperature and can prove to be a promising material for spintronics 
applications. ZnO is a material that is bio-compatible, and bio-safe resulted in many 
applications in medical and environmental science (Li et al., 2008; Zhou et al., 2006). The 
piezo- and pyro-electric properties of ZnO give rise to its applications in sensor, converter, 
energy generator and photo catalyst in hydrogen production (Chaari and Matoussi, 2012; 
Wang, 2008). Important applications of the ZnO in various fields are shown in Table 1.1. 
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Table 1.1: Application of ZnO in various fields 
 Field Application References 
1 Optoelectronics light switchable nanorods 
memory 
(Bera et al., 2013) 
Photodiode (Huang et al., 2014; Park et al., 2013) 
optical storage   (Hui et al., 2005) 
Light emitting diode       (Shen et al., 2014) 
2 Nanoelectronics Field effect Transistors (Frenzel et al., 2008; Spalenka et al., 
2011) 
Field emission sources                                                                  (Zhang et al., 2014c)
data storage (Song et al., 2011) 
3 Nanomechanics Nanocantiliver (Hughes and Wang, 2003; Wang et al., 
2012) 
4 Electrochemical biosensors (Asif et al., 2010) 
Electrochemical sensors (Molaakbari et al., 2014) 
1.2  Crystal Structure of ZnO 
 ZnO, possessing a wide band gap of 3.37 eV with a such a large exciton binding 
energy value (60 meV) that made this material suitable for optoelectronic applications.  The 
two lattice parameters a and c have a ratio   𝑐 𝑎 = 1.633, Figure 1.1 is showing the 
schematic of the Wurtzitic ZnO. The structure consists of two interpenetrating hexagonal 
close packed (hcp) sublattices, each of which consists of Zn or O atom which are displaced 
with respect to each other along the c-axis by the amount𝑢 =  3 8 = 0.375. The parameter 
𝑢 is defined as the length of the bond parallel to the c-axis derived by the lattice parameter 𝑐. 
Wurtzite structure of ZnO shows the deviation from the ideal symmetry due to the change in 
the 𝑐 𝑎  ratio or the 𝑢 value. The three known types of crystal structures of ZnO are rocksalt 
(B1), zinc blende (B3) and wurtzite (B4), as shown in Fig. 1.1. Among these structures, the 
most common type is the wurtzite structure as this is the form which crystallized under 
equilibrium conditions. Zinc blende ZnO may be grown on cubic substrates (Özgür et al., 
2005). 
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Figure 1.1: (a) cubic rocksalt (B1), (b) cubic zinc blende (B3), and  (c) hexagonal wurtzite 
(B4). Shaded gray and black spheres denote Zn and O atoms, respectively (Özgür et al., 
2005) 
 
Table 1.2: Comparison of the properties of ZnO with that of other wide band band gap 
Material Structure 
Lattice Constant Band gap at 
RT 
Exciton 
binding 
energy 
a (A
0
) c (A
0
)  
ZnO Wurtzite 3.249 5.207 3.37 60 
ZnS Wurtzite 3.823 6.261 3.80 39 
ZnSe Zincblende 5.668 - 2.70 20 
GaN Wurtzite 3.189 5.185 3.39 21 
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Figure 1.2: Schematic representation of a wurtzitic ZnO structure with lattice constants 
(Özgür et al., 2005) 
 
 The tetrahedral coordination resulted in a polar symmetry along the hexagonal axis. 
The piezoelectricity and spontaneous polarization are the virtue of the polarity of ZnO, and 
also play the essential role in crystal growth, etching and defect generation.  
1.3  Electronic Properties 
 The accurate knowledge of the band structure is vital in determining the potential 
application of the given semiconductor material. Several theoretical modeling have been 
employed to calculate the band structure of ZnO for all the three types, Wurtzite, zinc-
blende, and rocksalt. In addition to the theoretical modeling, experimental work has also 
been performed and published to describe the electronic states of Wurtzite ZnO. The 
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electronic core levels have been determined by employing the X-ray- or UV 
reflection/absorption or emission techniques. The transitions between different levels prove 
useful in determining the band structure of desired solid. (for example, transitions from the 
valence-band  maximum to the upper conduction-band states and from valance band 
minimum) schematic diagram of the energy band structure near the Γ-point is shown in fig. 
the lowest energy level is formed  in the conduction band from the empty 4s states of Zn
2+
  
or the anti bonding sp
3
 hybrid states. The value of the effective electron mass is me = 0.28mo 
and it is almost isotropic. In the valence band the uppermost energy level is formed by the 
occupying 2p orbital of O
2-
 or by bonding the sp
3
 orbital. It further split into three two-fold 
degenerate sub-bands with symmetries of Γ7, Γ9 and Γ7 (Figure 1.3). The optical band gap Eg 
is the energy difference between the conduction band minimum and the valence band 
maximum as shown in Figure 1.3.  Eg is around 3.437 eV at T = 1.6 K, and it is reduced to 
3.37 eV at room temperature. 
 
Figure 1.3: Schematic description of the band structure of ZnO near the center of the 
Brillouizone. The band gap Eg corresponds to the value at T = 1.6 K. 
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1.4  Motivation 
 The conductivity of the ZnO is highly dependent on the defect states. In the case of 
ZnO some defects like zinc vacancies and oxygen interstitials are the intrinsic defects which 
may be introduced during the growth. By comparing the growth of ZnO with different 
techniques is helpful to understand the origin of these defects as well prove helpful in 
controlling the conductivity of ZnO. By keeping the view of the role of growth techniques, 
we have performed the DLTS measurement on the ZnO films grown by MBE and RF 
sputtering technique. 
  P-type doping in the ZnO remain always the key issue, extensive research has 
already conducted on the doping of phosphorus and nitrogen as the possible p-type 
candidates. We have adopted the inexpensive method to dope the ZnO pellets with the 
phosphorus.  
 VLS technique is most extensively used for the growth of ZnO nanowires, but still 
there are controversies about the mechanism of the VLS. We have performed the growth 
ZnO nanostructure at low temperature as well as at high temperature. This can be useful to 
understand the role of eutectic alloy in the growth of ZnO nanowires. The incorporation of 
Sb in to the ZnO nanowires is very interesting and can be useful to understand the 
mechanism of doping in the VLS method. 
1.5  Objective 
 It is important to understand the origin and nature of defects which are introduced 
during the growth, our aim is to explore the origin and nature of defects in ZnO films grown 
by MBE and RF sputtering techniques. For the said purpose we have employed the DLTS 
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technique. In order to achieve the p-type doping by inexpensive method, we have adopted 
solid state reaction method to achieve p-type doping in ZnO pallets. The aim of this thesis 
includes the understanding the mechanism of VLS and V-S mechanism for the growth of 
ZnO nanowires.   We have adopted different growth conditions to understand the VLS and 
V-S method for the growth of ZnO nanowires. Sb doping in the ZnO is very important and 
VLS method can be proved useful in the growth of Sb- doped ZnO nanowires.  
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                                              Chapter 2 
2 Study of Defects and P-Type Conductivity of ZnO 
2.1  Defect Studies in ZnO  
 Unintentional incorporation of impurities especially during the growth process is 
very difficult or even impossible to avoid. Almost all the growth techniques permits 
impurities which are incorporated in to the substrate from the sources or precursors, they can 
diffuse out of the substrate in to the lattice, or they can come from the walls of the growth 
chamber. The presence of impurities is inevitable even in the growth techniques which 
employ the ultrahigh vacuum environment like in MBE where the residual gases became the 
cause of contamination. The recent findings in the research of ZnO especially the theoretical 
aspects of intrinsic defects of this material augmented the research interest towards the 
defects studies. 
  Fang et al. (2008) studied interface traps in metal-on-bulk-ZnO Schottky barrier 
diodes (SBDs). He used the characterization techniques DLTS, I-V, and C-V  measurements 
to study the defect states in Au/ZnO and Pd/ZnO SBDs and reveal the well-known electron 
traps E3  (0.27 eV) and E4   (0.49 eV) in both the Pd- and Au-SBDs, but also a surface trap 
Es (0.49 eV) in the Pd-SBD only. Depth-resolved cathodoluminescence spectroscopy 
(DRCLS) measurements find a 2.45 eV emission near the surfaces of both samples. 
  Villafuerte et al. (2014) have studied the point defects of single ZnO microwires 
grown by carbothermal reduction method. The deep level defect density profile depicts the 
decreasing trend from base to tip of the microwares. The results show a deep level defect 
inside the gap at 0.88 eV from the top of the VB. The resistance as a function of the 
  12 
temperature graph shows defect levels next to the bottom of the CB at 110 meV and a mean 
defect concentration of 4 × 1018 cm−3. 
 Sahai and Goswami (2014) studied the electronic and optical properties of ZnO 
nanoparticles. They observed the coexistence of lattice oxygen, interstitial oxygen and 
oxygen vacancy. Various discrete energy states were also reported. 
   Song et al. (2009) have reported the formation of a shallow level, and deep-level 
states in a ZnO films grown by pulsed laser deposition. After the depositing the films, 
samples were annealed at 1000 °C for 5 min under N2 and O2 ambient gas, respectively. 
Deep levels were generated at Ev+0.594 eV , a defect state appeared at Ec−0.607 eV, which 
originates from hydrogen plasma irradiation on the ZnO sample. 
 Zhang et al. (2014b) have studied the influence of native defects on the 
ferromagnetic properties of dual-layer and hex-layer Zn/ZnO films which is grown by 
magnetron sputtering. The results obtained from this study indicates that  ferromagnetic 
behavior in hex-layer Zn/ZnO film is dominant  and possible reason for this dominant 
ferromagnetic behavior is Zn interstitial defect as well as the heterostructure of Zn/ZnO.  
 Wei et al.  (2008) have studied the bulk ZnO single crystal. The presence of shallow 
donor impurities (Ga and Al) indicates that native defects are considered due to the n-type 
conduction of the ZnO single crystal. in as-grown ZnO Oxygen vacancies are created due to 
the deep defects. High-temperature annealing suppresses the deep level emissions in ZnO 
crystal with good lattice perfection. 
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2.2  Quest for P-type ZnO 
 Doping in the ZnO plays an important role in achieving the desired goals e.g. 
towards improving the electrical, optical or magnetic properties. Doping proved to be very 
useful to meet the requirement for the device fabrication and technological advancement 
such as transparent conducting electrode (doping with IIIA elements) (Hiramatsu et al., 
1998; Kluth et al., 2003). insulating or dielectric material (doping with Li) (Joseph et al., 
1999) and dilute magnetic semiconductor have application in spintronic devices (doping  
with Mn) (Meron and Markovich, 2005).  The n-type conductivity of ZnO  can be further 
enhanced by doping with Al, Ga or In. The intrinsic n-type behavior which is caused by 
Zinc interstitials, oxygen vacancies (Saw et al., 2007; Sun et al., 2010) and hydrogen 
impurities (Eisermann et al., 2009; Kong et al., 2013) are the hurdle towards the formation 
of p-type ZnO. The understanding of defects is eminent for broadening the application and 
superior performance of semiconductor material.  The conductivity of material is dependent 
on defect level whether it acts as donor or acceptor; donor impurities are responsible for the 
n-type character and acceptor level contributed to the p-type conductivity.  
 Shallow impurities are considered responsible for the p-type or n-type conductivity. 
The possibility of shallow acceptor in ZnO is Scarce; the possible reasons reported are low 
dopant solubility with effective acceptor compensation mechanism, and the formation of 
deep level traps. Copper, lithium, and silver are the deep acceptors which overall play no 
significant role towards the p-type conductivity of ZnO. Column-IA elements (Na, Li, K) 
which are expected to substitute the Zn site are instead found in the lattice at some 
interstitial position, thus cause the increase of electron concentration. If for some situations 
these atoms find place at Zn site, they form the deep acceptor (Lee and Chang, 2004; Park et 
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al., 2002a). The p-type conductivity in the ZnO is also restricted due to stability and 
reproducibility issues. Lithium Li being one of the possible candidate for the p-type doping 
is widely studied, theoretically Li fulfill the requirement to form a shallow acceptor, with the 
(-1/0) transition level lying at 40meV from the valence band maximum (Lee and Chang, 
2004). However, recent experimental investigations indicates that Li act as localized states, 
consistent with deep levels lying at least 500 meV above the valence band (Meyer et al., 
2004). 
 Theoretical calculations has been made by  Wardle et al. (2005) They concluded, 
that the isolated LiZn is not responsible for the deep levels but rather originated from LiZn − 
Oi or LiZn − VZn complexes. Some acceptor impurities form complexes with native defects.  
Gai (Gai et al., 2011) have performed the theoretical calculations to study the role of co 
doping of lithium and nitrogen to form the p-type ZnO. The high concentration of hole in 
their findings is considered due to the decreased ionization energy of acceptors and 
reduction of compensation mechanism. The activation energy of the (LiI–NO)–LiZn complex 
is about 60 meV lower than that of LiZn in Li-mono doped ZnO.  
2.3  Nitrogen Doping  
 Different growth techniques as well different growth condition has widely employed 
to dope The nitrogen into the ZnO. Ionic radius of N is similar to that of O. Theoretical 
consideration of nitrogen, as a possible dopant for p-type ZnO (Kobayashi et al., 1983), has 
long been established. Furthermore, the ionic radius of nitrogen is about the same size as 
that of oxygen and therefore is the best choice to be substituted for the oxygen (NO). hence, 
a number of research groups have focused on nitrogen with various nitrogen sources (Yu et 
al., 2013). However high concentration of nitrogen is required to attain the hole 
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concentration of the order of 10
17
 to 10
18 
cm
-3
. In most of the growth techniques we need the 
high temperature for the epitaxial growth of the ZnO films which has the adverse effect on 
the solubility of the nitrogen which generally decreases with the increase of temperature. 
Regarding the incorporation of Nitrogen in to the ZnO lattice, scientists have contributed the 
useful findings 
 Boonchun and Lambrecht (2013) have performed the theoretical calculations, they 
compared the hybrid functional and generalized gradient approximation method. According 
to their findings replacement of nitrogen with the oxygen can give a shallow acceptor level 
in the ZnO. Huang et al. (2011) have reported the growth of nitrogen doped ZnO nanowires 
by using ammonia as a nitrogen source. They find that red light emission from the 
nanowires is strongly dependent on the concentration of the nitrogen which suggests that red 
light emission is due to the nitrogen related defects.  Tarun et al. (2011) has given the 
experimental evidence that nitrogen is a deep acceptor and therefore cannot contribute to the 
p-type conductivity of ZnO. Photoluminescence measurement confirms the emission level at 
~ 2.2 eV which is in agreement with the theoretical model of the nitrogen defect. Chavillon 
et al. (2011) reported that low temperature ammonolysis of ZnO2  yields pure Wurtzite-type 
N-doped ZnO nanoparticles. This method produces extraordinarily large amount of Zn 
vacancies (up to 20%). Reynolds (Reynolds et al., 2013) found that N- doped ZnO show an 
enhanced P-type behavior even at room temperature,  if sufficient nitrogen is incorporated 
and material is annealed appropriately. Their findings reveal that nitrogen, hydrogen, and 
Zinc vacancy form a complex. The complex VZn 
_
NO 
_
H
+
 will act as an acceptor with 
ionization energy of 130 meV. 
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 Co-doping in the the Zno has also been reported to prove useful in achieving the 
higher acceptor concentration.  Duan et al. (2014) successfully doped the ZnO with N and 
Ag by employing chemical bath deposition technique, the co-doping resulted in better p- 
type conductivity. As compared to the case when ZnO is doped with only a single doping 
element of Ag or N, ZnO:(Ag, N) showed a high value of  the hole concentration.   Xia et 
al.( 2012) had shown the electrical characterizations, by employing Hall measurements, 
performed on undoped AZO and nitrogen doped AZO. The observed charge carriers were 
found electrons and holes respectively in the undoped and AZO:N nanorods, the p-type 
behavior was suggested due to the substitution of nitrogen on oxygen site. 
  Swapna and Santhosh Kumar (2013) have doped Na and N in to the ZnO where the 
acceptor behavior of the codoping is observed. The hall measurement shows that codoping 
of Na and N in to the ZnO films show excellent p-type conductivity. Eu doped ZnO which 
act as a n-type is used to form the Homojunction. The values obtained from current–voltage 
(I–V) measurement confirm the rectifying behavior with a low turn on voltage of about 
1.69 V. 
   Sui et al. (2013) has grown the ZnO films with P and N dual doped . The grown 
film is n-type which changes in to p-type on annealing which shows the stability in the weak 
p-type conductivity in the range of 650
o
C to 850
o
C. The p-type conductivity of the codoped 
ZnO is further confirmed by taking the I-V measurement of the p-ZnO:(P, N)/n-ZnO 
homojunction.  
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Table 2.1: Valance and ionic radii of the candidate dopant atom (Pearton et al., 2005) 
Atom Valence Radius (A
o
) 
Zn 2+ 0.60 
Li 1+ 0.59 
Ag 1+ 1.00 
O 2- 1.38 
As 3- 2.22 
N 3- 1.46 
P 3- 2.12 
Sb 3- 2.45 
2.4  Phosphorus Doping 
 Phosphorus from group V element also plays a vital role towards achieving p-type 
conductivity. Many researchers have doped phosphorus in to ZnO by employing different 
growth techniques. Jiang et al. (2012) reported that Photoluminescence measurement of the 
phosphorus doped ZnO, show that phosphorus is successfully doped as an acceptor.  Kim et 
al. (2010) have grown ZnO thin films with   Phosphorus doping  by radio frequency 
magnetron sputtering with various argon/oxygen gas ratios. The low-temperature PL 
emission of the p-type ZnO films showed p-type related neutral acceptor-bound exciton 
emission. 
 Lee et al. (2006) have depicted through first principle calculation that phosphorus 
doping in the ZnO produce defects which can lead p-type conductivity.  Under the O –rich 
condition the formation of  PZn -2VZn complex is dominant. This defect is suggested to be an 
important species in giving p-type ZnO together with the Zn vacancy.  
    Xiu et al. (2006) have shown that phosphorus doped ZnO films grown by MBE.  
Hall and resistivity measurements reveal that phosphorus-doped ZnO films exhibit p-type 
conductivities. PL measurement also reveals the dominant acceptor- bound exciton 
emission.  
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  Su et al. (2011) have grown P doped ZnO by RF magnetron sputtering technique. 
The phosphorus doped ZnO showed the n-type conductivity which upon annealing at 800 
o
C 
was converted in to p-type. From the XPS measurements, it was suggested that PZn-2VZn 
complex was formed which was the prominent cause of the p-type conductivity.  
  Jiang et al. (2012) have grown phosphorus doped ZnO nanocrystals on the Si 
substrate. Phosphorus has successfully been doped in to the lattice as an acceptor which 
results in a tuned Fermi level of the ZnO nanocrystals was confirmed by the valence band 
X-ray photoelectron spectroscopy. 
 Liu and Chua  (2010) have shown that phosphorus doped ZnO exhibit interesting 
behavior on annealing. At low annealing temperature phosphorus substitution on the Zinc 
site is favored while the higher annealing temperature changes the doping configuration 
from from PZn to PO.  
 Qin et al. (2009) have performed the theoretical calculations on geometrical position 
of the defects in the phosphorus doped ZnO.  PZn−2VZn is formed by two Zn vacancies (VZn) 
in combination of a substitutional P at a Zn site (PZn). They found that that PZn defect serve 
as donor while VZn and PZn−2VZn defects serves as acceptor. The findings reveal that 
PZn−2VZn complex can lead to p-type ZnO nanowires under the O- and P-rich conditions. 
  Hu et al. (2014)  have utilized the Phosphorus pentaoxide (P2O5 ) powder along with 
the mixture of pure Zinc and carbon to grow the phosphorus doped ZnO nanostructures. 
According to their findings alumina substrate favors the growth of nanostructures as 
compared with the Si substrate. 
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         Chapter 3 
3 Growth Techniques  
3.1  Growth Techniques 
 ZnO has been grown by different technique; each technique has some advantages as 
well as limitations. The prominent growth techniques for growing ZnO are hydrothermal 
method (Allen et al., 2013; Sun et al., 2013) RF Magnetron sputtering (Han et al., 2012; 
Soumahoro et al., 2014), Vapor Liquid Solid (Sallet et al., 2013; Shrisha et al., 2014), 
pulsed laser deposition(Kyun Lee and Yeog Son, 2012; Scott et al., 2010), Atomic layer 
deposition (Dhakal et al., 2012; Saha et al., 2013) Sol-gel technique(Su Kim et al., 2012; 
Xin et al., 2014), and Molecular beam epitaxy (Adolph and Ive, 2014; Asghar et al., 2013) 
Hydrothermal technique is employed for both bulk growth as well as nanostructures 
e.g. nanorods and nanowires. Hydrothermal technique has an advantage of fast growth, low 
cost, low temperature and large scale area growth. Despite of being accompanied by these 
advantages, the control over p-type conductivity in ZnO is still not achieved.   
 Pulsed laser deposition provides the facility of stoichiometric transfer of material 
from the source to the substrate. It provides the flexibility of the deposition parameters 
(Pressure, temperature, Power and frequency). PLD is confined to the research environment 
and in industry has not yet been established as a promising technique.  
  Atomic layer deposition (ALD) provides the facility to grow the ultra thin films of 
few nanometers to be deposited in a precisely control way. By utilizing this technique, self- 
limiting layer by layer growth is possible thus conformal coating can be achieved even in 
high aspect ratio and complex structures. ALD like other growth techniques also have some 
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limitations like thermal decomposition of precursor is not allowed. It also has a limited 
deposition rate which actually not affects the deposition of ultra thin films.  
3.2  Molecular Beam Epitaxy 
 Epitaxial growth is performed by growing thin crystalline layers on the substrate and 
growth continues with one crystalline layer on another crystalline layer. Molecular beam 
epitaxy can be distinguished from other evaporation growth techniques due to its precise 
control of beam fluxes which is obtained by collimated beams and rapid flux switching. It is 
augmented with the real time in-situ monitoring and control during the substrate preparation 
and film growth to ensure the best conditions for the stoichiometric deposition and epitaxial 
growth. Furthermore, it has the ability to tune electronic properties such as the band gap 
which is the outcome of epitaxial strain and the growth of multilayer structures. This 
technique has enormous technological applications which include manufacturing of such 
devices as light emitting diodes, solid state laser structures and microprocessors. 
 The growth technique of MBE is a very straightforward one, where the effusion cells 
containing the source material are heated which then sublimates or evaporates. The Zn 
source and the oxygen is supplied from the radio frequency source to form molecular beams 
which are directed towards substrate. When Zn and O atoms reach at the substrate, they may 
undergo in the different process such as absorption, surface migration, incorporation into the 
crystal lattice, or desorption. It will depend on the temperature of the substrate which 
process dominates the growth. The presumption for the high quality film growth is that the 
growth should take place at moderate temperature in which atoms will have sufficient 
energy to move to the proper position and will be incorporated into the growth of crystal.  
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Figure 3.1: Schematic diagram of the MBE 
 
 The growth chamber of a MBE system and subsystems are shown in Figure 3.1. It 
consists of several effusion cells for the evaporation of atomic or molecular materials. Each 
effusion cell is equipped with shutters for on/off control of each beam. The uniform 
distribution of source material across the substrate is accomplished by rotating the substrate 
holder. The growth chamber is also equipped with the RHEED which is one of the most 
useful tools for the in-situ monitoring of the growth. It can be used to control the growth 
rates, to monitor the surface atoms, to adjust the radio frequency (RF) O flux, and the 
information about the growth kinetics. The electrons that are emitted from the RHEED gun 
are reflected from the surface, strike a phosphor screen, and then form the image. This 
image comprises of a specular reflection and a diffraction pattern which implies the surface 
crystallography. A camera which is operated with a computer control is employed to 
monitor the screen. The growth chamber is also mounted with an ion gauge to detect the 
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pressure in the chamber and thermocouple to monitor the temperature. Oxygen element, 
which is the component in the growth of ZnO is obtained from the pure oxygen, which is 
employed as the gas source in this experiment.  
3.2.1 Growth Temperature 
 The growth temperature plays an important role to achieve high quality ZnO film. 
When molecules or atoms arrive at the substrate several processes occur including 
adsorption, migration on the surface, interaction with other atoms, incorporation into the 
crystal lattice or desorption. All of these processes are affected by the growth temperature. 
The correct bonding position for Zn and O atoms is highly sensitive to substrate temperature 
at which these atoms find the sufficient energy to move around on the surface and deposit on 
their correct positions. If the substrate temperature is very high, these atoms may be re- 
evaporated from the film, and eventually leads to the low growth rate. Similarly at very low 
temperature atoms are not energetic enough to find the correct position for the bonding and 
resulted in poor crystalline structure with a high growth rate. 
3.2.2 Zn/O ratio 
 Another important parameter to control the ZnO growth is the Zn/O element ratio. 
O-rich condition can be attained when the (Zn/O <1), stoichiometric growth is prominent 
when (Zn/O =1) and Zn-rich condition is attained when (Zn/O>1). The electrical optical and 
other properties vary with the variation of Zn/O flux. Stoichiometric flux conditions are 
suitable for the growth of high crystal quality (Hiroyuki et al., 2003; Ko et al., 2002).  
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3.3  RF Sputtering Technique 
 RF sputtering is a physical vapor deposition technique in which transfer of atoms 
takes place from the surface of a target to the substrate by bombarding the target with highly 
energetic particles. The substrate holder is connected to the anode and the source target will 
work as cathode. The ionized inert gas is accelerated by an electric field and thus accelerated 
gas particles transform in to highly energetic incident particles. In RF sputtering, an 
alternating electric field is applied at a particular frequency which resulted in the formation 
of plasma. Usually the gas in the plasma is Ar, which is ionized to Ar
+
 ions. When the heavy 
Ar 
+
 ions hit the target it, causing it to eject the atoms due to the energy transfer by the 
bombarded ions. The effect of the ionization which is the basic theme behind the sputtering 
technique can be enhanced by providing the RF field so that sputtering can be done at 
pressure lower than that of ordinary glow discharge. The effect of A.C voltage for the gas 
discharge is the key to understand the RF sputtering technique. The low frequency of A.C 
applied between the two electrodes produce no or negligible ionization of gases due to the 
alternate polarities of the electrodes. The problem can be removed by placing the two 
electrodes together produce dark region around the two electrodes as if these electrodes 
work as cathode as in high D. C fields. Contrary to the D.C discharge  which is produced 
due to the ionization of  the secondary electrons, the sustained glow discharge take place at 
higher frequencies say in the range of 100 kHz to few MHz, this discharge is due to the 
ionization of the gases by the oscillating electrons at high frequency.  
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     Figure 3.2: Schematic diagram of the sputtering process. 
 Some recent developments in the growth of ZnO by the sputtering technique are the 
following.Sharma et al. (2014) observed that ZnO films prepared by the RF sputtering 
shows a good crystalline nature with minimal surface roughness. A very good transmittance 
of 83–92% has been observed in the visible region for ZnO thin film. Optical band gap was 
found to be 3.23 eV.   
Besleaga et al. (2012) have successfully grown the transparent, nanostructured ZnO 
films  onto glass substrates using as target a mild-pressed ZnO powder. XRD measurements 
revealed that ZnO films show a (0 0 l) texture with nano-sized crystallites. 
 Ghafouri et al. (2012) have grown crystalline ZnO nanostructures using the RF 
sputtering technique. They successfully grown ZnO nanograins on glass substrates which 
are  ranging from 30 to 100 nm in size  showed an almost single-crystalline structure and 
ZnO nanoparticles and nanorods on silicon substrates exhibited a polycrystalline structure. 
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   Das and Mondal (2014)  have grown the good structural quality of the undoped 
ZnO film by magnetron sputtering in Ar ambient at an RF power of P = 200 W. Their 
findings were useful to understand the process of formation of oxygen vacancy states in 
ZnO. They describe that vacancy states are resulted due to the diffusion of oxygen and in 
this process some other defects   like Zni, oxygen antisite , and  double ionized Zinc vacancy 
act as acceptor levels. These levels further give rise to PL emission in different parts of 
visible region. 
 Sundara Venkatesh et al. (2012) have grown vertically aligned indium doped zinc 
oxide (IZO) nanorods (NRs)  without any catalyst by radio frequency magnetron sputtering. 
Grown nanorods have shown the Wurtzite structure and are distributed homogeneously on 
the substrate with a preferential orientation along the (002) crystallographic plane.  
 Kumar et al. (2009) have utilizes the RF sputtering technique to grow the ZnO thin 
films by the aluminum and nitrogen co-doping. The film shows n-type conductivity but on 
annealing in Ar ambient the conductivity changes to p-type, typically at 600C, the hole 
concentration of ZnO:Al–N co-doped film was found to be 2.86 × 1019 cm−3.  
 Al-Salman and Abdullah (2013) have successfully doped the copper in to the ZnO 
lattice by RF magnetron  sputtering technique. Cobalt ions were successfully incorporated 
into the lattice of the ZnO nanostructure without disturbing its Wurtzite structure. They have 
observed that cobalt doping play an important role in controlling the luminescence 
properties of ZnO nanostructures. 
 Shen et al. (2014) exhibited the radio frequency magnetron sputtering to grow  the  
highly c-axis-oriented ZnO film on commercial  P- type GaN substrate. The device exhibits 
a strong blue emission at ∼460 nm, and a low threshold emission forward-voltage of 2.7 V. 
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3.4  Vapor- Liquid Solid Growths (VLS) 
3.4.1 VLS Mechanism 
 The vapor-solid-liquid method is very promising method for controlling the growth 
of nanostructures. Different processes such as chemical vapor deposition (CVD), pulsed 
laser deposition (Jung-Il et al., 2009; Zhang et al., 2007) , molecular beam epitaxy (MBE) 
(Heo et al., 2002; Isakov et al., 2013), Hydrothermal (Rivera et al., 2013) and Metal organic 
Chemical vapor deposition MOCVD (Black et al., 2010; Rivera et al., 2013), can be 
employed for the growth of ZnO nanowires. VLS mechanism is proved very useful for the 
growth of the ZnO Nanowires and was developed gradually from year 2000 with a good 
control on the orientation, position and the dimension, for the production of desired structure 
of nanowires  
 One-dimensional ZnO nanostructures are widely studied for the variety of 
applications in various fields like electronic and optoelectronic devices, e.g., field effect 
transistors, UV light emitting diodes, ultra violet (UV) photodetectors, UV nanolaser, field 
emitter, solar cells etc. The important components of VLS growth are Source vapor 
production, transport method, and catalytic mechanisms. In general, materials are 
evaporated, which may or may not involve chemical reaction to produce source vapors 
which are transported to a substrate which is coated with suitable metal. The detailed 
explanation of the above processes is given below. 
 Before the growth of ZnO nanowires metal catalyst is deposited on the substrate. The 
deposition can be done by coating the substrate with different kinds of metals like Ni, , Pt, 
Ag, Zn, Ge and Au (Senthil Kumar et al., 2004; Suh et al., 2010; Zhang et al., 2007). Au 
forms liquid alloy droplets at a high temperature by adsorbing vapor components. For some 
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reason, e.g., vapor pressure or temperature fluctuation, the alloy undergoes a further super 
saturation i.e., the actual concentration of components is higher in the alloy than the 
equilibrium concentration. The minimum free energy of the alloy system is achieved by the 
precipitation of the component at the liquid–solid interface. Thus, it leads to the 1D- crystal 
growth, which continues till the availability of vapor components. The schematic of VLS 
process is shown in Figure. 3.3. 
 Hejazi et al. (2008) claim  that Zn atom  which are absorbed in the Au eutectic 
undergo the oxidation by the absorption of CO and CO2 via Au tip but this idea contradicts 
the findings presented by the Wang et al which shows that oxygen is needed to ensure the 
growth process.  
 Kim et al. (2008) have also shown interesting result that ZnO vapors are absorbed 
by the gold tip, thus eliminating the need of the oxidation of the Zn vapors. 
 
Figure 3.3: Growth of 1D structures by VLS mechanism (Choi, 2012). 
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 The VLS method is a 1D crystal growth method in which substrate is coated with a 
metal catalyst. It leads to the formation of whiskers, ribbons, rods, and wires. 1D crystal 
growth mechanism was  first suggested  by Wagner in 1964 (Wagner and Ellis, 1964).  
Zhang et al. (2007) proposed that V-S mechanism involves the situation in which 
nanoparticles act as the nucleation site. They have shown the growth of the ZnO nanowires 
by using Ag, Au, and Pt as a catalyst, they have shown that V-S and VLS mechanism works 
in competition with each other and depends on the experimental condition that decides 
which mechanism dominates. 
 Comprehensive details on the fundamental aspects of VLS growth was presented by 
the by Givargizov (Givargizov, 1975). They found that VLS growth is affected by the 
temperature and the surface diffusion.  He showed that thickness of the whiskers is the 
function of time.  The VLS method was then implemented for the growth of 1D structure on 
a nanometer scale, i.e., nanowires, in the 1990s, and the functioning of this method was 
discussed by several research groups. 
3.4.2 Vapor Production from Source 
 The most commonly used method is the carbothermal reduction method in which 
equal amount of graphite and ZnO powders are mixed together and are used as source 
material. At some high temperature the ZnO powder and graphite powder react and are 
converted in to the ZnO nanowires in the presence of the oxygen available in the reaction. 
The reaction is shown below which leads to the formation of ZnO nanostructures (wires or 
rods). 
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                  ZnO (s) + CO (g) → Zn (g) + CO2 (g) at a hot zone                         (3.1) 
                 Zn (g) + CO (g) → ZnO (g) + C (g, s)                                                (3.2) 
                 ZnO (g) → ZnO nanostructures on a substrate                                   (3.3) 
3.4.3 Transport Mechanism 
 Convection transport is used for transporting the vapors to the substrate. In the 
convection transport method, inert gas is normally used as a carrier gas, for this purpose Ar 
is suitable to be flowed through the quartz tube which is placed inside the furnace to carry 
the ZnO vapors to the substrate where they condense in the form of ZnO nanorods or 
nanowires dependent on the growth conditions. 
3.4.4 Role of the Catalysis 
 Some metal coating is used as a catalyst for the growth of ZnO nanorods or 
nanowires. Among different metals used as catalysis, Au is most widely used for the 
catalytic growth of ZnO nanorods or nanowires. Although this method has been used since 
1960, but the physical mechanism involved is still controversial. In the VLS process, ZnO 
vapors adsorb in to the Au droplet which act as a proffered site for the deposition. The 
vapors continue to adsorb in to the liquid until the saturation of the ZnO takes place in the 
Au-ZnO eutectic, then ZnO precipitate in the form of the nanowires with the Au tip at the 
end of the nanowires. 
3.5  Earlier Work on the Growth of Nanowires 
 Here we will discuss in detail some of the earlier work on the growth of the ZnO 
nanowires. Suh et al. (2010) have grown the 1- dimensional about 5 µm long nanowires by 
VLS method. They have used the coating of Au as a catalyst on the Si substrate. The growth 
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takes along [0 0 0 1] direction. The grown wires exhibit 1-D nanostructure with the diameter 
less than 100 nm and the length of wires is 5 µm. The PL spectrum of ZnO NWs exhibits the 
strong band edge emission at ~ 3.27 eV. 
Yang et al. (2008) have discussed the supply time of Ar gas on morphology of Au-
catalyzed ZnO nanowires grown on the Si (100) substrate by VLS method. They revealed 
that morphology of the wires is strongly dependent on the time of flow of the argon gas. 
They have influx the argon for a very short time of 90 sec and found the interesting 1-D 
wires ~ 20 um in lengths. 
  Yousefi and Zak  (2011) have grown the ZnO nanowires by the V-S method in the 
MOCVD reactor. The wires were grown on the Si (111) and Si (100) surface and effect of 
silicon orientation on the growth of the nanowires was investigated. The PL emission 
spectrum shows the difference between the emission level for Si (111) and Si (100). 
Nanowires grown on Si (111) showed a stronger ultraviolet (UV) peak at 381nm while the 
wires which were grown on the Si (100) showed the green emission. They have also shown 
that Au catalyst affects the biaxial stress value of the ZnO nanowires. 
Wongchoosuk et al. (2010) have grown the  ZnO nanostructures by carbothermal 
method  of a ZnO : C  powder. They set the experimental conditions such that powder 
source temperature and the substrate temperature are varied while other growth parameters 
like flow of the gas, pressure, and the substrate are constant. They found that temperature of 
source powder and substrate play an important role in determining the morphology of the 
ZnO nanostructure. 
 Dhara and Giri (2011) have shown that shape of the nanostructures is dependent on 
the growth temperature as it varies from 550
o
C to the 870
o
C, the nanostructure also changes  
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from nanowires to nanoribbons and then to nanorods . They found that growth at low 
temperature (650
o
C) yields only nanowires while as the growth temperature increases the 
nanowires transform in to the nanoribbons , which at 870
 o
C transforms in to nanorods. They 
further observed that nanowires and nanorods are produced as a result of VLS mechanism 
while in the production of nanoribbons, V-S mechanism is involved.   
Ramgir et al. (2010) have shown that ionic liquid plays an important role in 
reversible switching between the process VLS and  V-S. They further show that the Au- 
coating act as surface defect in the Vapor – solid method and act as a catalyst in the VLS 
process. These different behavior of the Au- coating leads to the strong band gap 
luminescence in the case of VLS grown wires and the defect luminescence is enhanced in 
the V-S wires. 
Umar et al. (2009) have shown that Growth of the ZnO nanorods on the ZnO/ glass 
substrate via thermal evaporation of Zinc in the oxygen ambient. The grown nanorods are 
highly C-axis oriented. They observed that the thin film of the ZnO serve as the nucleation 
site for the adsorption of ZnO vapors which are formed by the chemical reaction of the Zn 
and oxygen vapors.  
Dalal et al. (2006) have shown that thickness of the Au coating on the substrate 
affect the growth of the ZnO nanowires,  1nm Au film shows dense wires as compared to 
the thickness of 10 nm film. They have shown that temperature, pressure and incoming gas 
flow all the parameters are involved in controlling the dimension of the wires. 
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3.6  Vapor-Solid (V-S) Mechanism 
Vapor- Solid mechanism is another method for the growth of the ZnO nanostructure; 
in this process, generated Zn vapors by carbothermal reaction are transported and condensed 
directly on the substrate without formation of any liquid catalytic droplet. The process of the 
growth of ZnO nanostructure from the V-S technique is quite different from the growth 
mechanism of the VLS technique. During the condensation process, the oxidation of the Zn 
vapors also takes place. 
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Chapter 4 
4 Applications of ZnO 
4.1  Transparent Conducting Oxide 
  ZnO is considered as a promising material for TCOs due to its lower cost, and 
abundant availability in nature. The other advantages of ZnO which attracted the researchers 
are that it is non-toxic and can be deposited at lower temperature. Lee et al mention that 
properties of the ZnO match with the tin and indium and ZnO can be effectively used in 
replacement of tin and indium. Al- doped ZnO and Zn- doped indium oxide are widely used 
in the application of optoelectronic devices such as liquid crystal displays and Solar cells. 
 The transparency and conductivity of the ZnO can be increased by choosing the 
suitable doping element, growth technique, and conditions utilized. Thomas et al. (2013) 
have shown that hydrogen plasma doping in combination of ALD is utilized to fabricate 
ZnO films. The grown films have shown the improved carrier concentration and resistivity 
and are thus suitable for transparent conductive oxide applications. Oh et al. (2006) have 
shown Al doping in to the ZnO proves useful for application to LCD as transparent 
electrode. They have grown the ZnO:Al by employing the RF  magnetron co-sputtering 
technique. The TN- LCD cell based on ZnO: Al electrode shows the improvement in electo-
optic (EO) characteristics and decrease in the residual DC voltage as compared with the ITO 
based structure.   
   Tubtimtae and Lee (2012) have grown the ZnO nanostructure on the indium-doped 
ZnO film. They used the Indium-doped ZnO film as the replacement for the ITO which 
functions as the transparent conductive layer. The electrical properties of the film can be 
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altered by varying the doping concentration of the indium. PL spectra have shown the good 
optical properties of the nanorods and indicate that doping of ZnO with indium yields the 
increase in electrical conductance with best power conversion efficiency. 
 Morgenstern et al. (2011) have presented that  Ag- NW film coated with ZnO-NP 
can be used as an alternative to ITO electrodes for optoelectronic applications, particularly 
solar cells. The conductivity of ZnO-NP layers increased five orders of magnitude by the 
virtue of the UV illumination present in the solar spectrum, resulting in the increase of 
external quantum efficiency EQE under UV bias.  
 Chalker et al. (2013) have doped the Zinc oxide films with the gallium, thus doped 
ZnO act as a transparent conducting oxide substrates for cadmium telluride 
based photovoltaic cells. The gallium doped film exhibits the low electrical sheet resistance 
and are thus work as a suitable substrate for the photovoltaic cell  
4.2  Light Emitting Diode 
 The wide band gap materials like diamond and GaN along with ZnO are the possible 
candidates for the UV light emitter. Diamond being the indirect bandgap material exhibit 
low emission efficiency (Nakamura, 1998) while GaN which is a direct band gap material 
having the  potential for various applications in the field of electronics and optoelectronics  
exhibit the exciton binding energy of 25meV which is comparable to thermal noise at room 
temperature. The ZnO is the promising material possesses unique properties which favor its 
use as UV light emitter. ZnO is a direct band gap material of 3.37 eV and possesses the 
remarkably high value of the exciton binding energy, which makes it a suitable material for 
LEDs and LDs. The ZnO-based light-emitting diodes are considered as the next-generation 
light-emitting diodes because of  their cheap fabrication process and enhanced optical 
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properties (Chen et al., 2000). To date many researchers have grown ZnO p-n homojunction 
based light-emitting diodes (Chen et al., 2010; Sun et al., 2009; Wang et al., 2011). But due 
to the lack of a stable and reproducible p-type material, ZnO based light emitting diode has 
not considered up to mark for the commercialization. 
Table 4.1: Functional requirement and design consideration for LED 
 The difficulty in producing the reliable p-type ZnO has not yet been overcome.  
Heterojunction LEDs is another choice to achieve the desired luminescence. For this 
purpose GaN is the suitable choice to make a p-GaN/n-ZnO heterojunction as alternative 
approach to avoid the foresaid problem (Chia-Cheng et al., 2013; Lupan et al., 2012). 
 GaN and ZnO form a Type II heterojunction alignment as shown in the figure below. 
The band offset is minimal however; the GaN and ZnO junction could almost be considered 
a homojunction, especially because their band gaps are similar. Radio frequency magnetron 
sputtering has been employed to grow ZnO epitaxial films on commercial p-type GaN 
Functional requirement Design consideration 
Improved Radiative Efficiency  Epitaxial growth 
Enhanced Internal Quantum Efficiency Short carrier lifetimes; dominant 
recombination process in the diode. 
Extraction Efficiency Improving the internal reflection guide by 
the index consideration of light. Minimizing 
the back-reflection.  
Device fabrication  Homegenous growth in density and 
dimension. Fabrication of nanodevices 
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substrates. The diode gives a bright blue light emission located at ∼460 nm and a low 
threshold vo3ltage of 2.7 V for emission (Shen et al., 2014). 
 In designing the device architecture of ZnO based LEDs, The efficiency of light 
emitting diode needs to be again explored and design considerations need to be made in 
order to improve the efficiency.  The functional requirements are listed in the Table. There is 
also a possibility of using ZnO/GaN heterojunction for color tunable optoelectronic devices 
(Fu et al., 2014). Similarly other materials are also suggested for the ZnO to make a 
heterojunction.  
Table 4.2: Comparison of Properties of ZnO and GaN 
 ZnO GaN 
Band gap eV 3.36 3.35 
Crystal structure Wurtzite Hexagonal Wurtzite Hexagonal 
Lattice Constant A
o 
a = 3.249 
c = 5.205 
a= 3.189 
c= 5.186 
Index of refraction 2.0 2 
 
 The high quality structure of the heterojunction of n- type ZnO and P-type AlGaN 
exhibited UV emission have application in optoelectronic devices and light emitting diodes 
(Tang et al., 2013).  Photoconductive property of ZnO nanoparticles is quite interesting due 
to its application in electro photography, and detectors of oxidizing and reducing gases 
(Mishra et al., 2012). Photoresponse in ZnO is divided in to two categories, a bulk related 
process and surface related process. Photo generation in bulk related process takes place at 
faster rate as compared to the surface related process. 
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4.3  Photodiode 
 The technological advancement in the field of environmental monitoring and flame 
detection need ZnO photodiode is desired in various fields such as environmental 
monitoring, flame detection, and optical transmission. Plethora of research has been 
conducted to improve the performance optimizing surface treatment, device structure, and 
the growth method of crystals (Dwivedi et al., 2013; Hassan et al., 2013; Zahedi et al., 
2013) .  Nitrogen-Indium codoped p-type ZnO was deposited on a silicon substrate to form 
ZnO/n-Si heterojunction photodiode. The photodiodes showed two higher responsive 
regions, one which exhibits the wavelength range from 400 nm to 700 nm was due to ZnO 
film absorption through the band to deep levels, and the region which occupies the 
wavelength range from 700 nm to 1000 nm was due to Si substrate absorption occurring 
through the band edge. (Chun-Nan, 2008) 
 A heterojunction was made between n-type ZnO film and silicon nanowires. N-type 
ZnO film was grown by radio frequency magnetron sputtering technique. p-type Si 
nanowires have been fabricated by electroless metal deposition method. n-ZnO/p-Si NW 
photodiodes exhibit  good temperature- and light-intensity dependence (Zhou et al., 2009). 
 Park et al. (2013) have studied the thin film heterojunction photodiode made of 
nickel oxide (NiO) and zinc oxide (ZnO). The highly visible-transparent heterojunction 
photodiode gives rise to a good photoresponse and quantum efficiency under ultra-violet 
(UV) light illumination.  
Liu et al. (2013)  have made the Radial heterojunction photodiodes based on a 
silicon nanowire arrays (SiNWs)–zinc oxide (ZnO) core–shell structure. The photodiode 
  38 
shows typical diode rectifying behavior with an ideality factor of as low as 1.28, and shows 
an excellent photoresponse in both visible and near infrared regions. 
   Hu et al. (2011)  have shown the improved value of the photo-current by 
incorporation of  Ag nanoparticles in the interface of the heterojunction between n-type ZnO 
and p-type silicon n-ZnO/p-Si. The Ag nanoparticles also play the role to enhance the ratio 
between photo- and dark-current in the diode. The enhanced photo-current is observed due 
to the light scattering from the Ag nanoparticles.  Ag nanoparticles (15–20 nm) have been 
assumed to scatter the UV light randomly, resulted in the enhanced photodiode properties. 
4.4  Sensing 
 The high sensitivity of the ZnO nanostructures to the chemical environment give rise 
to the sensing applications. The property of high surface to volume ratio of nanostructures is 
advantageous for the electronic processes. ZnO nanowires show the reasonable sensitivity 
even under normal conditions of room temperature. Contrary to this, thin-film gas sensors 
are restricted to the high temperatures environment only. The sensing process is governed by 
oxygen vacancies which are present on the surface. These oxygen vacancies play an 
important role in controlling the electronic properties of ZnO. 
   Wang et al. (2005) have used ZnO nanorods to develop the H2 sensor. They have 
shown that deposition of the Pd improves the sensing ability. The addition of Pd plays an 
important role in the catalytic decomposition of H2 into atomic hydrogen, and proves useful 
obtaining the better device sensitivity. The sensor is capable for the detection of hydrogen 
having concentrations down to 10 ppm in N2 at room temperature, whereas there is no 
response to O2. 
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 Kashif et al. (2013) synthesized Pd doped ZnO nanorods for hydrogen sensing 
applications. These kinds of sensors are very useful for the detection of hydrogen especially 
useful in homemade gas sensors. The fabricated sensor successfully detected as low as 
40 ppm hydrogen at room temperature with superior sensitivity and stability.  
 Liu et al. (2014a) prepared Al-doped ZnO transparent conducting films on quartz 
substrate by the sol–gel method. The obtained films are of good crystal quality with the 
Wurtzite-type ZnO structure and a highly c-axis preferred orientation. The home-built Al-
doped ZnO thin film sensors showed high response and recovery times toward sensing 
ethanol gas.  
 Ju et al. (2014) have grown ZnO nanosheet microstructures on Al2O3 tube electrode. 
The gas sensing property of the ZnO showed good response and stability to ethanol at 
appropriate temperature (400 °C). The obtained results from this research prove very 
effective to explore potential application of ZnO nanosheets for developing gas sensors. 
   Wang et al. (2014) reported the fabrication of ZnO thin film Surface Acoustic 
Wave  (SAW) UV-light sensors on glass substrates and studied the effect of post-deposition  
annealing on the sensing performance. It was observed that annealing at higher temperatures 
(above 300C) can improve the properties of ZnO films and the sensing performance of the 
UV-sensors.  
   Chang et al. (2002) studied the effect of the film thickness on the sensor 
performance. They used the RF sputtering technique to fabricate ZnO thin films on SiO2/Si 
substrate with variable thickness ranging from 65nm to 390nm. The thinnest film (65nm) 
provides with the best sensitivity and fastest response. 
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        Chapter 5 
5 Characterization Techniques 
5.1  X-Ray Diffraction 
 X-ray is a type of electromagnetic radiation which has a wavelength of 1 Å. The size 
of the x-rays is comparable with the size of an atom. The discovery of X-rays in 1895 has 
had an immediate impact on the research especially in the field of material science and 
medicine. The discovery also revolutionized the research in material science by enabling the 
research scientists to probe the crystalline structure at atomic level. 
 The three-dimensional structure of crystalline materials consists of a regular, 
repeating planes of atoms that form a crystal lattice. When the x- ray beam is incident on the 
planes of the crystal, a part is absorbed by the planes, part of the beam is transmitted, part is 
refracted and diffracted, and part is scattered.  
 The distances between the planes of the atoms can be measured by using the Bragg's 
Law. Bragg's Law is nλ=2d sinθ,  where  λ is the wavelength of the incident X-ray beam, 
 n is the order of the diffracted beam d is the spacing between the planes. The characteristic 
set of d-spacings and theirs intensity are generated as a result of the diffraction of the x-ray 
beam provides a unique "fingerprint" of the phases present in the sample. These 
―fingerprint‖ have the information for the identification of the material. 
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Figure 5.1: Diffraction from ZnO planes 
 
 By the use of proper software following parameters can be found. 
I. Phase identification of Crystalline material 
II. Crystalline Size 
III. Degree of crystallinity 
IV. Indexing the diffraction pattern  
V. Unit cell structure, lattice parameters, miller indices. 
 The X-ray diffraction analysis can be effectively utilized for the estimation of 
crystallite size especially in the case of nano-materials.  The grain size can be estimated by 
using the Scherrer equation. The d-spacing value of the XRD scan can be utilized to find the 
lattice parameters of the crystal. For hexagonal crystal structure, the d- spacing value of the 
XRD peak is related to the lattice parameter by the relation 
                                               
1
 𝑑2
=  
4
3
  
ℎ2+ 𝑘2+ 𝑙2
𝑎2
 +
𝑙2
𝑐2
                                          (5.1) 
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5.2  Scanning Electron Microscopy Imaging 
 Scanning electron microscopy (SEM) is an important surface analytical technique. 
The schematic of SEM is shown in Figure 5.2, the primary electrons are responsible for 
generating many low energy secondary electrons. The intensity of the secondary electrons 
varies from surface to surface. High spatial resolution can be obtained by the virtue of the 
focus of the primary electron beam to very small spot (diameter < 10 nm) similarly high 
sensitivity to topographic feature can be achieved by controlling the energy of a primary 
electron beam. The primary electron bombardment also generates backscattered electrons 
and X- rays in addition to the low energy secondary electron.  
 Bae et al. (2004) have shown the SEM images for the ZnO wire-like structures 
which are homogeneously grown on a large area of the Si substrate. The images are clear 
and the length of nanowires are measured which is about 10 µm, vertically aligned on the 
substrate.  
Wang et al. (2009a) employed the scanning electron microscope to observe the ZnO 
nanorods. The nanorods have an average diameter   ~ 40 nm and length ~ 4.5 µm. Willander 
et al. (2009) have employed the SEM to show the High-density ZnO nanorod array on a-
plane sapphire substrate.  SEM images shows variation in diameter and length of the 
nanowires depending on growth temperature. 
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Figure 5.2: Schematic  of SEM  (Charles Evans, 1992) 
 
 
Figure 5.3: Image of SEM S-2500 in the centre for Nanotechnology at the University 
of Toronto 
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5.3  Raman Spectroscopy 
 In Raman spectroscopy the sample will absorb the photons coming from the laser 
and then reemit those photons with the change in frequency. In comparison to the incoming 
original photons, the frequency of the emitting photon will shift up or down which is called 
the Raman shift.  
5.3.1 Operating Modes of Raman 
 Raman emissions are characterized as  
1. Rayleigh scattering is a kind of interaction of the incident laser beam with the 
sample in which a photon is absorbed by the molecule with the frequency 𝜈𝑜  go 
to the excited state, returns back to the same vibrational state by emitting the 
light of the same frequency, thus showing the absence of Raman mode. 
2. The incident photon having a frequency 𝜈𝑜 is absorbed by the Raman-active 
molecule which is in its normal vibration mode. The molecule which is acquiring 
its normal vibration mode absorbs a part of incident photon‘s energy with 
frequency 𝜈𝑚  and emits the photon with the frequency  𝜈𝑜 − 𝜈𝑚 . This is called 
the stokes scattering. 
3. The incident photon having a frequency 𝜈𝑜  is absorbed by the Raman-active 
molecule which is in excited vibration state. The molecules with the excessive 
releases its energy and returns to the basic vibrational state, and the resulting 
energy of the scattered photon increases and the frequency of scattered light goes 
up to 𝜈𝑜 + 𝜈𝑚 . This Raman frequency is called Anti-stokes frequency, or just 
―Anti-Stokes‖. 
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Figure 5.4:  Different vibration sates of Raman Scattering 
 Vibrational properties of ZnO are well expressed by using Raman spectroscopy. For 
the hexagonal structures of ZnO with 𝐶6𝑣
4  symmetry, six sets of phonon normal modes at 
the 𝜏 point are optically active modes (Singh et al., 2007; Song, 2008). The phonons for the 
ZnO belong to the following irreducible representation. 
 Γ =  𝐴1 + 𝐸1 + 2𝐵1 +  2𝐸2      (5.2) 
Where the modes  𝐴1 and 𝐸1 are the polar modes and split in to transverse optrical 
(𝐴1-TO and 𝐸1-TO) modes. The 𝐴1 and 𝐸1 modes are both Raman and infrared active. The 
two non-polar 𝐸2 modes are Raman active only, while the 𝐵1 branches are inactive. 
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Table 5.1: Raman peak symmetries and wavenumber expected for ZnO. 
5.4  Photoluminescence (PL) 
 The photoluminescence spectroscopy is a non-destructive technique which is very 
useful to explore the electronic structures of the materials. The technique is very useful in 
determining the band gap and impurity levels. In PL electron hole pair is created in the 
semiconductor and the electrons are accumulated in the conduction band minimum and 
holes are in the valence band maximum. On reaching to the equilibrium state electrons and 
holes recombine and the excess energy is released from the sample.  Band gap emissions 
occurs when a hole in the valence band (VB) recombines with an electron of the conduction 
band (CB), resulted in an emission at approximately the band gap of the material. There are 
two kinds of emission in the solids intrinsic emission and extrinsic emission. Intrinsic 
luminescence is classified in to three kinds. i) exciton luminescence ii) cross luminescence, 
and  ii) band to band luminescence. Band gap emissions are mostly observed in very pure 
crystals at very high temperature and rarely happened at lower temperature. However at 
lower temperature exciton emission is dominant.  The impurities which lie in the forbidden 
gap, serves as a electron or hole trap. Electrons or holes get trapped there recombine with 
Common Name  Mode Symmetry Wavenumber (cm
-1
) 
𝐸2
𝑙𝑜𝑤  𝐸2 101 
                     𝐴1(TO) 𝐴1( transverse) 380 
                     𝐸1(TO)   𝐸1( transverse) 407 
𝐸2
ℎ𝑖𝑔ℎ
 𝐸2 437 
                     𝐴1(LO) 𝐴1( Longitudinal) 574 
                     𝐸1(LO)  𝐸1( Longitudinal) 583 
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each other via such level, either radiative or nonradiative. Free electrons and holes feel 
coulombic attraction with each other. The orbital rotation of electrons around the hole look 
like in a hydrogen like manner, which normally creates an excited states referred as free 
exciton.  The movement of exciton throughout the crystal has no effect on current as well as 
photoconductivity due to the electrical neutrality of the exciton. There is also a possibility 
that free hole (or electron) can combine with a neutral donor (or acceptor) to form a 
positively (or negatively) charged excitonic ion called a bound exciton (BE). These BE are 
commonly referred to as a donor bound exciton (DX) or an acceptor bound exciton (AX). 
The hole (or electron) moves in an orbit around the donor (or acceptor). Another important 
recombination which is also very common is a donor-acceptor pair recombination (DAP), 
which takes place when an electron on a neutral donor recombines with a hole on the neutral 
acceptor. 
 The ZnO films have great applications in the fields of optics and optoelectronics. 
Different characterization tools have been utilized to explore the optical properties of The 
ZnO films grown by different techniques. These tools not only help to understand the 
structure and other properties of ZnO, but also contribute towards the optimization of the 
growth process for the applications of the ZnO films in optical/ optoelectronic devices. The 
strong luminescence observed in ZnO is near ‗band edge emission‘ and a ‗deep level (blue-
green) emission‘. These properties make ZnO a suitable material for fabricating the devices 
for UV or blue emission. Therefore it is inevitable to understand the mechanism of these 
emissions. Researchers long have been claiming that excitionic transitions are responsible 
for the UV emission. but still, the origin of these emissions are not clear and need more 
explanations. 
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 Zhang et al. (2002) have grown the ZnO films on the glass substrate by RF 
sputtering technique.  They observed the blue emission located at 446nm when excited by 
270nm light. The increase in the oxygen pressure and the substrate temperature give rise to 
the decrease in the photoluminescence intensity. 
  Feng et al. (2006) have grown the ZnO films on the Si (100) substrate by MBE. 
They have excited the sample by a laser of 196nm and observed the two prominent peaks at 
3.75 and 2.88eV. They reported that emission at 3.75 eV is due to the radiative 
recombination of excitons  and emission at 2.88eV is  due to the deep-level emission. 
 Leung et al. (2013) have described that green emission in the ZnO is not due to the 
single point defect  can likely be assigned to defect complexes, which may contain zinc 
vacancies. 
 Tseng et al. (2014) have prepared the C-doped ZnO films by implantation 
of carbon into ZnO films. Orange/red emission is observed for the films with the thickness 
of 60–100 nm. However, the green emission has been observed for the ZnO film of ~ 200nm 
thickness. Annealing the bulk ZnO in different environments, i.e. Ar, Zn or C vapor, 
indicated that defects form the complex containing Zn interstitials are responsible for the 
strong green emission. The complex defects were further confirmed by electron spin 
resonance (ESR) and low temperature photoluminescence (PL) measurement. 
 Djurišić et al. (2006) have measured photoluminescence of various ZnO 
nanostructures (shells, rods, and needles) exhibiting green, yellow, and orange-red defect 
emission. They vary the excitation wavelength and the temperature and found that band gap 
emission give rise to orange-red emission while the yellow emission is excited by the 
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excitation below the band edge. The change of excitation wavelength from 325nm to 390 
nm changes the defect emission from orange-red to the green emission. 
 Ha et al. (2008) have grown the ZnO nanowires on the Si substrate at low 
temperature of 600 without using any catalyst. By annealing the sample at 900 
o
C in oxygen 
and argon gases produces two strong PL bands, a UV band, and a visible broadband.  
5.5  Current – Voltage Measurement 
 The thermionic current-voltage relationship of a Schottky barrier diode is given by  
                                                     𝐼 = 𝐼𝑠  exp  
𝑞𝑣
𝑛𝐾𝑇
 − 1       (5.3) 
 where 𝐼 is the measured current (A) at the input voltage (V),  𝐼𝑠 is the saturation 
current (A), q is the elementary charge 1.6 × 10−19𝐶, n is the ideality factor, K is the 
boltzman constant 1.38 × 10−23 J/K. and T is the temperature (K). Since T usually 
considered the room temperature which is normally 300K, and V >>𝐾𝑇/𝑞 (25.9meV), so eq 
can be simplified as 
                                                          𝑛 =  
𝑞
𝐾𝑇
 
1
 
𝑑 ln 𝐼 
𝑑𝑉
 
             (5.4) 
 For a homogenous diode where thermionic emission process dominates and 
neglecting the image force lowering effect, the value for the ideality factor should be 1. The 
value of the barrier height can also be found from the current –voltage measurement 
                                                                     ∅𝐵 =
𝐾𝑇
𝑞
ln  
𝐴𝐴∗𝑇2
𝐼𝑠
       (5.5) 
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 Where A is the contact area, A
*
 is the Richardson constant and its value is 32 AK
-2
 
cm
-2 
for ZnO.  And 𝐼𝑠  is the saturation current calculated by extrapolating the semi-
logarithmic current versus voltage plot to V = 0, as demonstrated in Figure 5.5.         
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Slope = d (LnI)/dV
 
Figure 5.5: An example of a semi- logarithmic I-V  Plot  
5.6  Capacitance- Voltage Measurement 
 Most Capacitance-Voltage measurement works on a one-sided abrupt junction such 
that the depletion region is primarily in one side of the junction, which is valid for a 
Schottky diode since the depletion region will be formed on the semiconductor side, rather 
than the metal side. The capacitance per unit area Cj of a Schottky diode having built-in 
voltage Vbi is given by 
Cj = 
𝐶
𝐴
=    
𝑞∈𝑠𝑁𝐵   
2 𝑉𝑏𝑖−𝑉
                              (5.6) 
Where 𝑁𝐵 is the doping concentration and its value is given by 
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    NB= 
−2
𝑞∈𝑠
 
1
 
 
 
𝑑 1
𝐶𝑗
2  
𝑑𝑣
 
 
 
 
        (5.7) 
 The built in potential  𝑉𝑏𝑖  can be determined by extrapolating the inverse of 𝐶𝑗
2
 
versus voltage plot 
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Figure 5.6: An example of graph between 1/C
2
  Vs Voltage                       
                                           
                                     Where slope =              
𝑑  1
𝐶𝑗
2  
𝑑𝑣
 
                                    (5.8) 
The effective barrier height is given by 
                                                         𝜑𝐵 =  −𝑉𝑏𝑖 +
2𝑘𝑇
𝑞
+ 𝑉𝑜            (5.9) 
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Where 𝜑𝐵  is the effective barrier height,   𝑉𝑏𝑖  is the built in potential voltage. 𝑉𝑜  is the Fermi 
level with respect to the conduction band. k is the Boltzmann constant and its value is 
1.38 × 10−23  J/K. 
Where the Fermi level with respect to the conduction band is given by  
     𝑉𝑜 =
𝑘𝑇
𝑞
ln
𝑁𝐶
𝑁𝐷
               (5.10) 
 The effective density of states in the conduction band  𝑁𝐶  is given by 
                                     𝑁𝐶 = 2  
 2𝜋𝑚𝑛𝑘𝑇 
ℎ2
 
3
2
    (5.11)  
5.7  Deep Level Transient Spectroscopy 
5.7.1 Basic Principle 
 Lang (Lang, 1974) has first introduced the concept of the rate window for the 
analysis of the capacitance transient due to the thermionic emission of carriers from deep 
levels. The method is named deep level transient spectroscopy is commonly known and 
widely employed in semiconductor research and technology. DLTS works on the principle 
of pulsing the diode repetitively thus is generating a series of transients with a constant 
repetition rate. The important feature of DLTS is the setting of an emission rate window 
such that measurement apparatus respond only when it sees the transient in the rate.  
 In a temperature scan the variation of temperature resulted in a variation of the 
emission rate, thus instrument will show a response peak at the temperature where the trap 
emission rate is within the window. The emission rate of electrons can be written as 
                                           
 𝜎𝑛<𝑣𝑛>𝑁𝑐    
𝑔
                         (5.12)                             
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 DLTS gives us the facility that by varying the rate window of the instrument in a 
temperature scans, a shift of the temperature of the DLTS peak and the emission rate is 
measured as a function of temperature. The thermal activation energy of the deep level can 
be found by taking the slope of  Ln (en/T
2
) vs 1/T plot (Arrhenius plot) 
 The Deep Level Transient Spectroscopy was first implemented using a dual-gated 
signal av-erager (double boxcar) which helps to determine the emission rate window and 
also provides the facility of the detection of low- concentration traps by enhancing the 
signal-to-noise ratio. The rate window can be enhanced by coupling the traditional boxcar 
with the with the fast-response capacitance transient measurement apparatus.  
 
Figure 5.7: Showing Capacitance transient as a function of Temperature 
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 The left-hand side depicts the capacitance transients at different  temperatures, while 
the right-hand side shows the  DLTS signal resulting from using the double boxcar to 
display the difference between the capacitance at time t1 and the capacitance at time t2 as a 
function of temperature (Lang, 1974). 
  Figure 5.7 illustrates the use of double boxcar to select the rate window. The 
transient in the capacitance is measured at two different time t1 and t2. DLTS spectrum is 
generated by plotting the difference in capacitance as a function of sample temperature. At a 
low temperature due to the absence of emission transient the capacitance signal at two 
different gates remain the same, hence the DLTS will show no signal. The DLTS also show 
no response to a very high temperature because the trapped carriers emit too fast and the 
transient process is over before the first gate reads the capacitance transient, hence the two 
gates again read the same value. Intermediate temperature is suitable for the measurement of 
signal because capacitance difference is detected at two gates and DLTS spectrum will show 
a maximum value at some suitable temperature where the trap level is detected. 
 The mission transient varies exponentially with time, the normalized DLTS signal is 
                            𝑆 𝑇 =
  𝐶 𝑡1 −𝐶 𝑡2  
∆C 0 
= exp(−
t1
τ
 )[1 − exp  
∆t
τ
 ]    (5.13) 
where ∆C 0 is the magnitude of the capacitance transient at t = 0,  ∆t = t1−t2 the time 
constant corresponding to the maximum of the DLTS signal is given by taking the derivative 
of  above equation with respect to τ equal to zero; thus 
                                        τmax = ( t1 − 𝑡2)[ln(
𝑡1
𝑡2
)]−1                    (5.14) 
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 The equation depicts that the temperature of the maximum of the DLTS peak shift is 
dependent on the difference of  t1 and 𝑡2 , thus the values of t1 and 𝑡2 changes the rate 
window. the values of activation energy and capture cross section of the deep levels can be 
determined by a series of scans taken with different rate windows. 
                          ∆𝐶 =     
                              𝐶 𝑡1 −𝐶𝑡2                                
exp  
t1
τmax
 − exp  
t2
τmax
 
                                 (5.15) 
We already know that 
                                          ∆𝐶 ≅  
𝑁𝑇
2𝑁𝐷
 𝐶𝑜         (5.16) 
 By combining above two equations, the trap concentration can be determined 
provide that all the traps are filled.  The intercept at  
5.7.2 DLTS Parametrers 
 As we know that at equilibrium the emission and the capture rate must be equal 
                                             
 𝜎𝑛<𝑣𝑛>𝑁𝑐    
𝑔
 exp⁡(−
∆𝐸 
𝐾𝑇
)            (5.17)                         
 This equation can be rewritten as 
                                                    𝑒𝑛 =  𝜎𝑛 < 𝑣𝑛 > 𝑁𝑐  exp⁡(−
∆𝐸 
𝐾𝑇
)     (5.18) 
 By taking the log nature of the above equation 
                                               ln 𝑒𝑛  = ln(𝜎𝑛 < 𝑣𝑛 > 𝑁𝑐) 
∆𝐸 
𝐾
.
1
𝑇
         (5.19) 
 This is in the form of straight line equation. By taking the slope of ln 𝑒𝑛  Vs  
1
𝑇 
 we 
will obtain the value of activation energy 
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Chapter 6 
6 Result and Discussion 
6.1  Characterization of ZnO Films Grown by MBE 
 The growth conditions for the samples grown by MBE are the following: substrate 
temperature is equal to 320
o
C , temperature of the Zn-Knudsen cell is 300
o
C, Zn beads 
purity is equal to 99.99%, pressure of the chamber during the growth was ~ 1× 10
-4
 mbar, 
RF power supply of 300Watt is used to generate the oxygen plasma. 
6.1.1 Electrical Characterization of MBE Grown Sample 
 The complete understanding of the study of defects is very crucial to improve the 
performance of the ZnO based devices. Current voltage characteristics are widely employed 
to determine the barrier height and ideality factor of a Schottky contact of a diode. We have 
performed the I-V measurements of the Au/ZnO Schottky contact the equation given below 
is very useful to find the value of ideality factor and saturation current. 
                                          𝐼 = 𝐼𝑠  exp  
𝑞𝑣
𝑛𝐾𝑇
 − 1                                                 (6.1) 
 Where n is the ideality factor and Is is the saturation current 
                                       𝐼𝑠 = 𝐴𝐴
∗𝑇2𝑒𝑥𝑝  
−𝑞∅𝐵  
𝑘𝑇
                                                     (6.2)                               
 Where A, and A
*
 denotes the contact area and the Richardson constant respectively, 
and the value of constant is 32 AK
-2
 cm
-2 
for ZnO. T is temperature measured in Kelvin, k is 
the Boltzmanns constant (k=1.3810
-23
 J/K or 8.61710
-5
eV/K), q is the electric charge and 
  is the barrier height. 
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Figure 6.1: Ln(current) as a function of Voltage for Au/ZnO/Si Schottky diode at different 
temperatures 
 
 Figure 6.1a shows the Ln (I) Versus V plot of Au/ZnO Schottky contacts at room 
temperature. By using the slope and intercept of the linear fit of the forward current, we 
obtained the value of ideality factor and barrier height by the following equations    
                                                          
slopekT
q
n

                  (6.3)  
                                                         ∅𝐵 =
𝐾𝑇
𝑞
ln  
𝐴𝐴∗𝑇2
𝐼𝑠
          (6.4) 
 The value of the contact area A =0.0314 cm
2
 and. The room temperature value of the 
ideality factor and barrier height was 2.68 and 0.68 eV respectively. The ideality factor was 
found to be deviating from the ideal diode value i.e. 1. The non-ideal behavior of the 
Schottky diode is reported due to the presence of the interface states (Aydoğan et al., 2009; 
Faraz et al., 2012) , formation of unintential interface oxide layer (Aydoğan et al., 2009), 
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and series resistance (Taşçıoğlu et al., 2014). In our case the value of ideality factor is 
greater than 2 indicates that transport mechanism is not the solely thermionic emission but it 
is due to the presence of the interfacial states and other mechanism may also involve like 
tunneling and generation-recombination (Faraz et al., 2012). The presence of interface states 
degrades the device performance due to the important role in the current flow mechanism 
and should be kept low to reduce the surface recombination and tunneling.  
 
Figure 6.2: Graph between ideality factor verses temperature and barrier height verses 
temperature of Au/ZnO/Si Schottky diodes 
 
 Figure 6.2 shows the measured values of the Barrier height and the ideality factor are 
drawn as a function of the temperature in the range of 150-400K. The figure clearly depicts 
the temperature dependent behavior of both the dependent variables ideality factor and the 
barrier height. The barrier height increases and ideality factor decreases with the increase in 
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temperature. The strong dependency of ideality factor on the temperature shows that 
thermionic emission mechanism is strongly affected by the interfacial states or tunneling 
current may contribute. The increase in the barrier height with the increase in temperature is 
due to the presence of the interfacial states. The oxidation of the semiconductor surface due 
to air exposure, incomplete covalent bond, and hydrogen incorporation are the expected 
cause of interfacial states. 
6.1.2 Deep Level Defect Study of ZnO Grown by MBE Technique 
 We have performed the deep level defect study on MBE grown ZnO sample. This 
sample shows the deep hole trap at 0.43 eV above the valence band.  VZn- related complex 
can be the possible reason for this hole trap.  Muret et al. (2012) performed the deep level 
defect spectroscopy (DLTS) on the homoepitaxial  ZnO film,  grown by MBE. They 
reported the hole trap at 0.48 eV above the valence band edge and attributed this deep 
acceptor by VZn- related complex.  Asghar et al. (2014) reported the hole trap having 
activation energy  of  0.49 eV and capture cross-section of this trap is reported 8.57 ×
 10−18. They attributed this trap to be nitrogen –zinc vacancy complex in ZnO, Reshchikov 
et al. (2008) have observed the hole trap at 0.40 eV in the N: ZnO  grown by  MBE. They 
attribute the level as VZn complex.  von Wenckstern et al. (2006) reported the hole trap at 
0.15 eV above the valence band and attributed this level as intrinsic defects in the ZnO. 
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 Table 6.1: Literature review showing  the energy levels of the hole trap in the ZnO. 
Ev+ET (eV) Growth 
technique 
Characterization Origin References 
0.40 MBE PL VZn related 
complex 
(Reshchikov et 
al., 2008) 
0.48 MBE DLTS N-related 
defects 
(Muret et al., 
2012) 
0.19 MBE DLTS N-related 
defects 
(Muret et al., 
2012) 
0.40 - DFT-LDA NO (Park et al., 
2002a) 
0.40 - DFT-LDA NO-VZn (Liu et al., 2012) 
0.49 MBE DLTS N-Vzn (Asghar et al., 
2014) 
0.13 OMVPE PL VZn-NO-H
+ 
(Reynolds et al., 
2013) 
0.43 MBE DLTS VZn-related 
complex 
this Study 
  61 
100 150 200 250 300 350 400
 
 
D
L
T
S
 S
ig
n
a
l
Temperature (K)
H1MBE
 
Figure 6.3: The DLTS of MBE grown ZnO showing the hole trap at energy 0.43 eV above 
the valence band 
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Figure 6.4: Arrhenius plot of MBE grown ZnO showing the hole trap at energy 0.43 eV 
above the valence band 
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6.2  Comparison of the Structural and Optical Properties of ZnO Films     
 Grown by MBE and RF Sputtering Technique 
6.2.1 ZnO Film Grown by RF Sputtering Technique 
 The ZnO film is sputtered on the Si substrate; the growth take place at a temperature 
of 300
o
C, the sputtering chamber was evacuated to pressure of 3×  10−3 Torr.  The plasma 
is activated by the coupling source of 13.56 MHz and RF sputtering power was 70 Watt. 
The metallic Zinc was used as a Zinc source.  
6.2.2 Comparison of the Structural Properties of the ZnO Films Grown by MBE and 
RF Sputtering Technique 
 Typical XRD pattern of the sample grown by MBE and RF sputtering technique is 
shown in figure .The peak position indicates that for both samples the growth is along c-
axis.  The intensity of the (002) peak for the MBE grown sample is more than the one grown 
by RF sputtering technique, indicating the crystalline quality MBE grown sample is better, 
for (002) plane calculated values are a= 3.12 and c= 5.15 A
o
. ZnO normally grows along the 
c-axis because the (0 0 1) basal plane of ZnO has the lowest surface energy (Zhang et al 
2004).The crystallite size was calculated by using Scherer‘s formula 
                                         𝐷 =   
0.9𝜆
𝛽 cos 𝜃
               (6.5) 
 Where D is crystallite size, λ is wavelength of x-ray, 𝛽 is full width at half maximum of 
(002) peak. . The FWHM of ZnO (002) peak for the MBE grown and RF sputtering grown 
sample are, 0.31
0
 0.280
0
 respectively, showing the good crystallinity of films. The grain size 
obtained from Scherer formula for MBE grown and RF sputtering grown film is 26.81 nm 
and 29.68 nm respectively. 
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 Figure 6.5: XRD of ZnO films grown by  MBE and RF Sputtering  techniques 
6.2.3 Comparison of the Optical properties of ZnO grown by MBE and RF 
Sputtering Technique 
 The mechanism of PL is the simple one, when a light of sufficient energy falls on a 
material, photons are absorbed by the material and excitations are created. These carriers at 
the excited state when relax emit a photon. Then PL spectrum can be collected and 
analyzed. PL emissions are found to involve in various kinds of recombination processes, 
such as. Band-to-band transitions resulted in an emission at approximately the band gap of 
the material. Band gap emissions are rarely found  at low temperature (D. K. Schroder, 
2006).  However, excitonic emissions are commonly observed at low temperatures.  Due to 
the presence of the coulombic attraction between a electron and hole pair, electron orbit 
around the hole. Thus, an excited state is created commonly known as free exciton (FE) (D. 
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K. Schroder, 2006). Due to the electrical neutrality of the exciton, its motion through a 
crystal yields no photoconductivity or current. Bulk ZnO is commonly found to exhibits a 
near-band edge emission mainly due to free excitons, and bound excitons as well as donor–
acceptor pair transitions (Deepa Rani et al., 2015). For ZnO, the band-gap emission occurs 
in the near ultraviolet around 370 –385 nm (3.3 eV) (Manzano et al., 2011).  
 For PL measurements, we have used mini PL/Raman system having Cd-Ne laser with 
photon wavelength 248 nm. in our sample grown by RF sputtering technique,  the  PL peak 
is observed at 3.26 eV  corresponds to the characteristic band edge emission. Similarly the 
sample grown by MBE shows the band gap emission at 3.36 eV.  The peak at 3.362 eV is 
known as the donor bound exciton (DoX) emission (Hamby et al., 2003; Meyer et al., 
2004) 
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Figure 6.6: PL of ZnO films grown by  MBE and RF Sputtering  techniques 
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6.2.4 Deep Level Defect Study of ZnO Grown by RF Sputtering Technique 
 n-type conductivity in the ZnO is dominant due to the presence of intrinsic defects 
such as O vacancies (VO) and/or Zn interstitials (Zni). But, still from the literature review it 
is not clear whether Zn interstitial or oxygen vacancy is the cause of n-type character (Wang 
et al., 2009b). 
 We have performed the defect study of the ZnO fims by employing the DLTS, and 
find the electron trap at 0.33 eV below the conduction band. We attributed this defect as the 
Zinc interstitials. Noor et al. (2009) have performed the DLTS measurement on the 
hydrothermally grown ZnO sample. The existence of two electron traps E1 at Ec-Et= 0.22 
eV and E2 at Ec- Et= 0.47 eV has been revealed by taking  measurement on Pd/n-
ZnO/nickel-gold device.The trap E1 is suggested to be transformed from Zni-VO complex in 
to Zinc antisite (ZnO). 
 Mtangi et al. (2012) have observed three prominent peaks by employing the DLTS 
measurement and found three important peaks E1 at 0.12 eV, E2  at 0.10 eV and E3 at 0.30 
eV below the conduction band. They anneal the sample in different ambient conditions and 
found that concentration of E3 changes by annealing in Hydrogen, Argon, and oxygen 
environment. The results suggested that E3 is not an oxygen vacancy related defect but 
rather a transition metal ion. 
 Tsiarapas et al. (2014) have deposited the Au Schottky contacts on ZnO:H and 
observed two electron taps at 0.29 and 0.21 eV below the conduction band. the levels are 
attributed to the ZnO intrinsic defects.  Frank et al. (2007) observed the Zn related defect at 
0.31 eV below the conduction band. Wenckstern (2008) have observed the two closely lying 
defect levels at 0.3 and 0.37 eV below the conduction band in the ZnO films  grown by 
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PLD. They suggested that E3 (0.3eV) defect is not connected to intrinsic defects in ZnO, 
such as oxygen vacancies or Zinc interstitial rather can be ascribed as transition metal ions. 
Contrary to the Wenckstern,  Frenzel et al. (2007) suggested the trap E3 at 0.32 eV belong 
to the Zinc interstitial rather than the oxygen vacancy. In our case, the trap observed at 0.33 
eV below the conduction band is suggested to be Zinc interstitial. 
Table 6.2: Literature review showing the energy levels of electron trap 
              
Ec- ET (eV) Growth 
technique 
Characterization 
Method 
Origin References 
0.31 SVP TDH - (Look, 2001) 
0.34 HT TDH OZn (Look, 2001) 
0.29 MOCVD DLTS Zni (Fang et al., 
2007) 
0.29 MG DLTS VO (Auret et al., 
2006) 
0.22 HT DLTS ZnO (Noor et al., 
2009) 
0.3 - DLTS Transition 
metal ion 
(Mtangi et al., 
2012) 
0.29 Sputtering DLTS intrinsic 
defect 
(Tsiarapas et 
al., 2014) 
0.33 - AS Native 
defects 
(Cordaro et 
al., 1986) 
0.32 PLD DLTS Zni (Frenzel et al., 
2007) 
0.33 Sputtering MBE Zni This Study 
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  Figure 6.7: DLTS signal of the ZnO grown by RF Sputtering technique 
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 Figure 6.8: Arrhenius plot of ZnO Film grown by RF sputtering technique 
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Figure 6.9: Comparison of DLTS signal of ZnO films grown by MBE and RF sputtering 
technique 
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Figure 6.10: Comparison of Arrhenius plot of  ZnO Film grown by MBE and RF sputtering 
technique 
 
6.3  Doping of Phosphorus in to ZnO by Solid State Reaction Method 
 The large exciton binding energy along with direct band gap of ZnO augments its 
applications in optoelectronic devices. In order to get the benefit of these properties, 
fabrication of reliable p-type ZnO is inevitable. The fabrication of p-type ZnO is restricted 
by the formation of the native donor defects such as oxygen vacancies (VO) and Zinc 
interstitials (Zni) (Mandalapu et al., 2006; Oh et al., 2008; Sentosa et al., 2011). We find in 
literature that even though nitrogen and phosphorous are the most favorable p-type dopants 
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in ZnO, but stable p-type conductivity is hard to achieve due to their low solubility (Bian et 
al., 2004).  
Table 6.3: Enlists detail of various acceptors reported in ZnO.  
Type Methods 
Characterizat
-ion 
Techniques 
Annealing 
Temperature 
Comments References 
p-type 
ZnO 
RF 
Sputtering 
XRD, Hall, 
SIMS, TEM 
200 to 300
 o
C Doping of P in ZnO is used 
to minimize the oxygen 
vacancy and zinc 
interstitial. They purposed a 
self-compensation 
mechanism which may 
increase the accepter 
impurities to make ZnO p-
type. 
Hu and 
Gong, 2008 
p-type 
ZnO 
Pulsed laser 
deposition 
Resistivity, 
SEM, PL 
1000
 o
C  for 
12 hour 
By reducing the shallow 
donors, to achieve p-type 
ZnO 
(Shan et al., 
2008) 
p-type 
ZnO 
Physical 
vapor  
transport 
technique   
without any   
catalysts 
EDAX, 
Rutherford 
backscattering 
spectrometer, 
XRD, PL, 
HRTEM 
 Phosphorus is substitute 
to oxygen. 
(Karamdel et 
al., 2012) 
p-type 
ZnO 
RF 
Sputtering 
XRD, Hall,  
PL, UV 
spectrometer, 
IV 
measurements 
Rapid thermal 
annealing at 
800
 o
C  for 5 
min 
P occupies Zn site form 
PZn–2VZn complex.  
(Su et al., 
2011) 
p-type 
ZnO 
RF 
Sputtering 
XRD, Hall, PL 400 to 550
o
C p-type conductivity is 
activated by post 
annealing. 
(Ding et al., 
2008) 
p-type 
ZnO 
RF 
Sputtering 
XPS, SIMS, 
XRD 
 O
-2
 anions were 
substituted by P
-3
 anions 
and responsible for p-
type conductivity and 
also increasing the 
concentration of P in 
ZnO, forming the P-
related accepter 
(Hu et al., 
2009) 
p-type 
ZnO 
Solid Sate 
Reaction 
XRD, PL, 
SEM, Hall 
Probe 
500-1000
 o
C i. Phosphorus replaces Zn 
site and comparatively 
smaller size of P allows Zn 
vacancies to form PZn–2VZn 
accepter complex.  
ii. Phosphorus occupies 
oxygen site forms deeper 
accepter. 
This study 
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 The diffusion of acceptor in the ZnO plays a pivotal role in achieving the p-type 
conductivity of ZnO. One of the ways to improve the dopant diffusion is by adjusting its 
chemical potential: μA, a determinant of the dopant solubility in the material (Wei, 2004). 
Larger potential value would increase the site occupation by the dopant in lattice and 
preclude precipitation, as well. High temperature sintering is yet another way to facilitate the 
enhancement of acceptor/donor concentration in ZnO. High temperature sintering can 
generate the acceptor/donor ions in ZnO. For example, it may support the formation of PO 
(phosphorus on oxygen site) and/or (PZn, V) defects in ZnO lattice (von Wenckstern et al., 
2007). Therefore, high temperature sintering study is understood as very helpful technique 
to fabricate somewhat stable p-type ZnO.  
 Here we performed a systematic preparation of phosphorous doped bulk ZnO by 
solid state reaction method. The ZnO pellets were sintered from 500 to 1000 
o
C in a 
programmable diffusion furnace. X-ray diffraction pattern associated with the sintered 
samples exhibited forward shift in ‗2 theta‘ values of the signature peaks.  Theoretical 
calculations regarding 32-atoms super cell of ZnO revealed that the involvement of P on Zn 
and/or O sites resulted in appearance of shallow acceptor (PZn – 2VZn) and/or deep acceptor 
level (PO), respectively. The results were further supported with the help of PL, Hall probe 
and SEM measurements.  
  73 
 
Figure 6.11: SEM images of P-doped ZnO pellets annealed at different temperature. 
Crystallinity of the pellet improves with increasing annealing temperature. 
6.3.1 Structural Characterization of P-doped ZnO Pellets 
 Figure 6.11 displays the SEM images of P-doped ZnO pellets sintered at different 
temperatures from 700 to 1000
o
C with a step of 10 
o
C as noted earlier. It is evident from F. 
Figure 6.11 that the average crystallite size increases with the sintering temperature. Such 
observation could be understood or reconciled as the promotion of the nucleation process 
leading to the increase of crystallinity in the pallets. 
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 Typical XRD patterns of the P-doped ZnO pellets sintered at the different 
temperature (500
o
C to 1000 
o
C with a step of 100
 o
C) for one hour demonstrated shift in ‗2 
theta values‘ of 8 diffraction peaks corresponding to the ZnO (1 0 0), (0 0 2), (1 0 1), (1 0 2), 
(1 1 0), (1 0 3), (2 0 0) and (1 1 2) planes, respectively. Comparison with JCPD 36-1451 
Card confirmed the formation of hexagonal zinc oxide (Ding et al., 2008; Su et al., 2011; 
Vaithianathan et al., 2009). For clarity, we have displayed only the dominant diffraction 
peaks corresponding to (0 0 2) plane, shown in Figure 6.12.   
                 
Figure 6.12: X-Ray Diffraction pattern of P-doped bulk ZnO annealed at 500
o
C -1000
 
o
Cshows that (0 0 2) plane of ZnO shifts towards higher 2theta values with sintering 
temperature. Inset of Figure 2 demonstrated XRD pattern of un-doped pellets 
 
 
33.0 33.5 34.0 34.5 35.0
10 15 20 25 30 35 40 45 50 55 60 65 70 75
 
 
2Theta
500
o
C
600
o
C
700
o
C
900
o
C
1000
o
C
1100
o
C
1200
o
C
In
te
ns
ity
 (C
ou
nt
s)
 
 
In
te
n
s
it
y
 (
C
o
u
n
ts
)
2theta (Degree)
 500C
 700C
 800C
 900C
 1000C
(002)
  75 
 We clearly see that 2θ value of the major peak of the representative ZnO samples 
varies with the sintering temperature. The 2θ value of the peak increases and reaches 34.6o 
at Tsinter = 800
o
C.  The inset of Figure 6.12 demonstrates the XRD pattern of un-doped 
samples and annealed at different temperatures. It is clear from Figure 6.12 that peak 
position of (002) plane for un-doped ZnO is fixed at 34.5
0
, but the shifting of peak only 
observed in P-doped samples. Owing to Bragg‘s equation (nλ = 2d sinθ, d is lattice 
constant), the forward shift in 2θ value is related with decrease of lattice constant of the 
crystal. Now considering the atomic size of P, an increase in lattice constant is expected 
when P atom occupies O site (smaller in size than P); on the other hand, the lattice constant 
decreases when P atom occupies Zn site  (larger in size than P) (Goswami and Sharma, 
2010). Practically, the (0 0 2) plane of the ZnO shifts towards higher 2θ value with the 
sintering temperatures up to 1000 
o
C and thus yields smaller lattice constant. Hereafter, we 
will refer the filling of Zn site and the O-site filled with P atoms as A-type shift and B-type 
shift, respectively.  
 In order to confirm the foresaid argument, using Quantum ESPRESSO software 
package, we simulated the 32 atoms super cell of ZnO by replacing Zn with P atom and O 
with P. Consistent with the earlier option, the replacement of P with Zn hereby, was possible 
only by reducing lattice constant ~ 7% and as result the lattice relaxed at the cost of two Zn 
vacancies in the super cell. The detail can be seen in Figure 6.13; where P has replaced Zn 
atom in row 3 (from top) and as a result, two Zn atoms are missing in row 2 and 3. 
Accordingly, the information from the literature  support our calculations that a P atom 
while occupying Zn site may generate two Zn vacancies and hence produces a shallow 
acceptor PZn–2VZn complex above the valence band maxima (response can be seen in the 
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diagram of ZnO, on right side of figure 3). In this way, the A-type shift of (0 0 2) plane leads 
to p-type conductivity of ZnO. Hall measurements of the samples strengthened the 
interpretation of the observation and yielding free hole concentration as (4.35 ±0.25)×10
15
 
cm
-3
.  
 
Figure 6.13: (Left) Simulation results of 32 atoms super cell of ZnO doped with P atoms. 
The PZn - 2VZn complex is evident in combination of row 2 and 3 of  the cell, (right) shallow  
and deep acceptor levels associated with PZn - 2VZn complex and PO, respectively. 
 
 Furthermore, two possible mechanisms of p-type ZnO by doping of phosphorus (P) 
have been discussed in literature. (a) If phosphorus replaces oxygen to form PO; it will act as 
an acceptor (Hwang et al., 2007; Kohan et al., 2000). Theoretical calculations suggest, an 
acceptor PO could be formed at energy level of 0.49 eV above the VBM which is a deep 
accepter (Lee, 2008) and hence cannot contribute to p-type conductivity in ZnO; (b) on the 
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other hand, if P replaces Zn atom; owing to its size, it would generate two vacancies at Zn 
sites additionally, to form a complex (PZn – 2VZn) complex (Guan et al., 2011; Yu et al., 
2005). The (PZn – 2VZn) complex acts as an acceptor level. X. H. Pan et al, experimentally 
worked out the activation energy of the (PZn – 2VZn ) complex and found it in the range of 
0.127-0.180 eV which is obviously much smaller than that of PO defect i.e.0.49 eV above 
the VBM (Pan et al., 2008). The calculations therefore are in agreement with our simulation 
results on ZnO super cell. To support the observation, we performed further measurements 
described in the following: 
6.3.2 Optical Characterization of P-doped ZnO Pellets 
 The room temperature PL (photoluminescence) measurements were carried out to 
examine the effect of sintering on the optical properties of the P-doped ZnO pellet. Figure 
6.14 demonstrates typical PL spectra of the doped samples measured at room temperature.  
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Figure 6.14: Photoluminescence spectra of P-dopped ZnO powder annealed at 500
o
C -
1100
o
C Additional peak at around 3.14 eV in doped pellets is associated with PZn – 2VZn 
complex. For comparison  inset  of  this Figure showed the PL spectra of un-doped ZnO 
pellet 
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 All samples exhibit band to band emission at 3.31 eV and in addition, an additional 
peak at 3.15 eV also appears (Vaithianathan et al., 2007). This additional peak is related 
with donor-acceptor pair i.e. PZn – 2VZn complex. The inset of Figure 6.14 depicts PL data of 
un-doped samples annealed at different temperatures. This Figure shows that all samples 
consist of only band to band emission peak and there is no donor acceptor pair peak. 
Presence of the additional peak in doped ZnO sample clearly supports acceptor-donor defect 
therein.  The binding energy of P-doped ZnO pellets can be evaluated using the relation 
(Dongqi et al., 2009). 
6.4  I-V and C-V Characterization of ZnO Films Grown by 
 Hydrothermal Technique 
 Here we will discuss the transport properties of palladium (Pd) Schottky contact 
fabricated on ZnO which is grown along Zn- and O-faces by a hydrothermal technique. The 
formation of the Schottky contact and its effect on the performance of the device is very 
important to understand. The current flow mechanism through the contact is the key to 
understand the behavior of the diode or device. We performed the I-V and C-V 
measurements to explore the behavior of the Pd contact on the two faces of ZnO. The 
current- voltage measurements are in accordance with the thermionic emission theory. 
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Figure 6.15: Ln of I-V plots of Pd/ZnO/Si Schottky diode grown along Zn- and O-faces at 
room temperature 
 
 The values of ideality factors measured at room temperature for O-face and Zn-face 
are 2.70 and 4.40 respectively and the subsequent BH values for both diodes are 0.50eV and 
0.60 eV respectively. Similar values of barrier height for Pd Schottky contact are also 
reported by  Mtangi et al. (2009). The obtained values of ideality factor, which in the case of 
O-face are small as compared to Zn-face, shows that the diode fabricated along O-face has 
the thermionic emission and recombination current. While the other diode grown along the 
Zn-face show generation-recombination and in addition also the tunneling current. The 
surface states are the possible reason for the high value of ideality factor in Zn-face. 
 The value of the BH(C-V) which is calculated for the two face of ZnO measurements  
shows a decresing trend with the increase in temperature. The values of BH(C-V) were found 
greater than the values obtained from the I-V measurement.   
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Figure 6.16: Graph showing the Variation of series resistance with temperature for Zn and 
O-faces of ZnO 
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 Figure 6.17: Graph showing the variation  of barrier height with temperature for Zn- and 
O- faces of ZnO 
 
6.5 ZnO Nanowires and Nanorods 
We have grown five samples, A, B, C, D, and E with different growth conditions as 
mention in Table 6.4. In sample A and B ZnO and graphite powder were taken in equal ratio 
(1:1) by volume. The source is kept at 1050
o
C at the centre of the furnace while the substrate 
Si (100) with a Au coating of 8nm was placed downstream at a temperature of 650
o
C ( in the 
case of sample A), while the rest of samples are placed at a temperature of 950
o
C with a 
source at a same constant temperature of 1050
o
C.  Source used for samples C, D, and E 
contains the Sb powder mixed with ZnO and graphite powder in the proportion shown in the 
Table 6.4. 
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Figure 6.18: Furnace used for the growth of ZnO nanowires (centre for Nanotechnology, 
University of Toronto) 
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 Figure 6.19: Temperature profile of the funace  
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Table 6.4: Growth conditions for the growth of samples A, B, C, D, and E 
 
 Growth 
temperature 
Argon flow Source used Shape of 
Nanostructure 
Sample A  
650 °C    
30 Sccm ZnO and graphite 
equal by volume 
ZnO Nanorods~ 1.3 
µm 
Sample B  
950 °C  
246 Sccm ZnO and graphite 
equal by volume 
ZnO wires ~ 1.3 
µm 
Sample C  
950 °C 
246Sccm (ZnO+C):Sb=30:1 
by volume 
ZnO wires ~ 4.2µm 
long 
Sample D  
950 °C 
246Sccm (ZnO+C):Sb=20:1 
by volume 
ZnO wires~ 12.5 
µm long 
Sample E  
950 °C 
246sccm (ZnO+C):Sb 
=10:1 
by volume 
ZnO wires ~ 20 µm 
long 
 Sample A is grown at low temperature of 650  with the possibllity to avoid the 
nucleation growth of the nanowires and promote the vapor solid growth where the ZnO 
nanorods are condensed on the substrate. As shown in the  Figure 6.20 the sample A shows 
the growth of the ZnO nanorods. The grown nanorods are about 1.3 µm long with no gold 
tip.  Ping Liu (2012) have shown the growth of ZnO nanowires fabricated on Si substrate by 
simple thermal evaporation of Zn powder without any catalyst. Because the nanowires have 
shown no metal catalyst tips so the proposed growth method involved was the V-S 
mechanism. Vapor-Solid mechanism involves the transfer of the vapor from the source to 
the substrate and their consequent (enhanced) condensation on the still solid (metal) catalyst 
(Morris et al., 2007). The growth of the ZnO nanorods have previously been describes as the 
self-catalytic growth (Su et al., 2009; Yao et al., 2002).  VSS method is another method for 
the growth of nanostructure, in this method growth is initiated through the solid catalyst 
particle. Solid catalyst particles have been reported for Au catalyzed III–V semiconductor 
(Dick et al., 2005; Persson et al., 2004). The growth mechanism, especially the role of 
catalyst is key to the controlled growth of ZnO nanowires or nanorods. Due to the high 
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melting point of ZnO which is around 1975 °C, formation of Zn vapors is not possible in the 
absence of graphite which act a reducing agent. The formation of liquid metal alloys is the 
prerequisite for the VLS to occur. It has been reported in the previous work  (Huang et al., 
2001) that ZnO and graphite powders as the source materials requires the process 
temperature of 900 °C . But contrary to this Zhao et al. (2004) have shown the growth of  
ZnO nanorods in the temperature range of 900- 950
o
C is dominated by a V-S mechanism 
while at 1000 °C the growth of nanorods is dominated by VLS mechanism. Some other 
important findings are shown by Cheng and Ostrikov (2011) they have shown three different  
growth process as a function of temperature. The low temperature growth of ZnO 
nanostructure is dominated by vapor- solid mechanism, at 800
o
C the growth is primarily 
governed by self- catalyzed VLS mechanism, and at 1000 °C the growth is governed by 
catalyst-assisted VLS mechanism.  
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Figure 6.20: SEM image of ZnO nanorods (sampe A) and  nanowires (Sample B)                                                
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Figure 6.21: SEM image of ZnO nanowires for sample C, D, and E 
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              Figure 6.22: XRD pattern for Sample A and B 
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                  Figure 6.23: XRD pattern for Sample C and D 
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Figure 6.24: XRD pattern for ZnO nanorods Sample A, and ZnO nanowires sample B 
 
The XRD patterns of all samples are shown in Fig.6.22-6.24. For all the samples, the 
diffraction peaks at 31.80, 34.47, 36.36 are ascribed to ZnO (100), (002), (101) crystal 
planes of the hexagonal Wurtzite structure of ZnO, respectively (JCPDS 75-0576).  The 
sample A shows the growth of the ZnO nanorods are along c- axis with a maximum 
intensity peak appears at 2𝜃 = 34.47 0. By comparing the sample XRD of sample A with all 
other Samples it can be clearly observed that sample A has no Au peak while the Au (111) 
peak can be observed in all other sample. As discussed earlier as well shown in the Table 
6.4, the growth mechanism of sample A is not VLS but V-S. In the growth of the sample A 
Au will remain in the solid form which provides the preferred site for the condensation of 
the ZnO. Kim et al. (2014) have shown the growth of the ZnO nanowires through vapor-
solid-solid mechanism. They have further described that Au remain in the solid form up to 
the temperature of 900
o
C which is again contradictory. 
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In our case for sample A, the chemical reaction of the ZnO and graphite resulted in 
the formation of CO(g) and Zn(g). As soon as the Zn(g) and CO(g) reached the low temperature 
side of the furnace at about 650 
o
C,  the condensation process starts resulted in the growth of 
ZnO nanorods via vapor solid mechanism.   
6.6  Photoluminescence Study 
 PL spectrum of the ZnO normally consists of a UV emission band and a broad 
emission band, when we consider the room temperature measurements, The Ultra Violet 
(UV)  emission band is related to a near band-edge emission of ZnO, denoted by the 
recombination of the free exciton (Wong and Searson, 1999) and it depends on the ZnO 
particle size due to the quantum size effect. The study of the  deep level emissions are 
previously reported as the defect emission and reported in the literature as, O-vacancy (Vo) 
(Ansari et al., 2013; Vanheusden et al., 1996; Yamauchi et al., 2004) , O- interstitial (Ke et 
al., 2010)  Zn-vacancy (VZn) (Kavitha et al., 2014; Yang et al., 2003),and  Zn-interstitial 
(Zni) (Kayaci et al., 2014). The UV emission of the ZnO at 356 nm is considred due to the 
inter-band transition of electrons (Wang et al., 2003). Free excitonic (FX) emissions are 
reported in the literature at ~3.347eV. Such emissions are resulted due to the high quality of 
ZnO, ensuring the defect free behavior with the increased probability of direct band-to-band 
recombination. 
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             Figure 6.25: Comparison of PL of ZnO nanowires of sample A , B, C, D, and  E 
 
 The commonly observed peaks in the ZnO are UV (NBE) peak at around 380 nm 
and the visible emission ranging from 440 to 600 nm (Cho et al., 1999). In general, the 
emission band in the visible region is associated with structural defects in ZnO [5]. The UV 
peak is attributed to the recombination of free excitons [35] and depends on the ZnO particle 
size due to the quantum size effect. In our work, the emission peaks centered at about 3.40 
eV, 3.50eV, 3.46eV, 3.40eV, and 3.4 eV are observed for samples A, B, C, D, and E 
respectively. These samples are showing the high value of emission energy especially 
sample B is showing peak emission at 3.50eV. The possible reason for this is the increase in 
band gap width especially due to the nanometer scale measurements. It is known that 
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particle size affects the width of the band gap and if the particle size reduces to the order of 
the bohr radius. The band edge emission shows a blue shift (Lin et al., 2005). The sample is 
showing no other emission than the band gap emission confirming the grown nanowires are 
free of any defect. 
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    Chapter 7 
7 Conclusion and Future Work 
7.1  Conclusion  
 The thesis include the structural, electrical and optical characterization of ZnO films 
grown by MBE and RF sputtering techniques, Characterization of  Phosphorus doped ZnO 
pallets grown by solid state reaction method,  I-V and C-V measurement of Zn and O-faces 
of ZnO film grown by hydrothermal method, and structural and optical characterization of 
ZnO nanowires by VLS method.  
 The XRD spectrum of the fims grown by MBE and RF sputtering shows that both 
the films are grown along c-axis, while MBE grown film shows the better crystalline 
structure. The DLTS measurement clearly shows that the ZnO films grown by MBE method 
has the hole trap at 0.43 eV above the valence band. By comparing our calculations with the 
previous literature we suggest that the hole trap belongs to the Zinc vacancy. Contrary to 
this, the DLTS study of ZnO film grown by RF sputtering technique shows the electron trap 
at 0.33 eV below the conduction band, which is assigned to the Zinc interstitial. The optical 
characterization for both samples grown by MBE and RF sputtering is performed by the PL. 
this study is helpful in understanding the origin of defects in ZnO. 
 We have performed the electrical and optical characterization of ZnO pellets grown 
by solid state reaction method. The shifting of the (002) peak position in the Phosphorus 
doped sample suggest the possibility of replacement of Zn atom by a phosphorus atom. The 
simulation performed by the Quantum ESPRESSO shows that the replacement of Zn atom 
by the phosphorus may generate two Zn vacancies and hence produces a shallow acceptor 
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PZn–2VZn complex above the valence band maxima.PL spectra of the P-doped ZnO samples 
show the donor acceptor pair excitation which is related with  PZn–2VZn complex. This 
works proves useful to explain the role of phosphorus in achieving the p-type conductivity 
in the ZnO 
 Temperature dependent I-V and C-V measurements are performed to study the 
transport properties of Pd Schottky contacts fabricated on ZnO grown along Zn- and O-faces 
. The results obtained from this study confirmed that the diode quality of the ZnO grown 
along O-face is better.  
 The growth of ZnO nanowires are accomplished by employing the VLS technique. 
The results show that low temperature growth at 650
o
C favors the Vapor- Solid (V-S) 
mechanism. High growth temperature of 950 
o
C is suitable for the growth of ZnO nanowires 
by VLS method. The growth condition required for the occurrence of V-S or VLS method is 
discussed in detail. The SEM images clearly shows that the sample grown by V-S technique 
has no gold tip, ensuring that mechanism of the growth of ZnO nanorods at 650 
o
C not 
involve the Au in the form of eutectic alloy but rather condensation of ZnO vapors take 
place. Contrary to this the condensation of the vapors is not possible at high temperature of 
950
 o
C and favors the VLS process. The incorporation of Sb in to the wires play a vital role 
in the growth a very long nanowires. This work will prove useful for the understanding of 
the properties of ZnO and, thus, increase its effectiveness in optoelectronic applications. 
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7.2  Future Work 
 Electrical characterization of the ZnO nanowires by performing the I-V, C-V, and 
DLTS measurement of  ZnO nanowires 
 Doping of different transition metals in to the ZnO by the VLS method 
 Annealing of ZnO nanowires in different ambient conditions 
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